United Arab Emirates University

Scholarworks@UAEU
Theses

Electronic Theses and Dissertations

6-2022

PHYSICOCHEMICAL, TECHNO-FUNCTIONAL AND BIOACTIVE
PROPERTIES OF CAMEL WHEY PROTEIN CONCENTRATE AS
AFFECTED BY SPRAY-DRYING AND ULTRASONICATION
TREATMENT
Alanoud Muhsen Al Thaibani

Follow this and additional works at: https://scholarworks.uaeu.ac.ae/all_theses
Part of the Food Science Commons, and the Veterinary Medicine Commons

MASTER THESIS NO. 2022: 48

College of Agriculture and Veterinary Medicine
Department of Food Science

PHYSICOCHEMICAL, TECHNO-FUNCTIONAL AND
BIOACTIVE PROPERTIES OF CAMEL WHEY PROTEIN
CONCENTRATE AS AFFECTED BY SPRAY-DRYING
AND ULTRASONICATION TREATMENT
Alanoud Muhsen Al Thaibani

June 2022

Title

United Arabs Emirates University
College of Agriculture and Veterinary Medicine
Department of Food Science

PHYSICOCHEMICAL, TECHNO-FUNCTIONAL AND BIOACTIVE
PROPERTIES OF CAMEL WHEY PROTEIN CONCENTRATE AS
AFFECTED BY SPRAY-DRYING AND ULTRASONICATION
TREATMENT

Alanoud Muhsen Al Thaibani

This thesis is submitted in partial of the requirement for the degree of Master of
Science in Food Science

Under the Supervision of Prof. Sajid Maqsood

June 2022

ii

Declaration of Original Work
I, Alanoud Muhsen Al Thaibani, the undersigned, a graduate student at the United
Arab Emirates University (UAEU), and the author of this thesis entitled
“Physicochemical, Techno-functional and Bioactive Properties of Camel Whey
Protein Concentrate as Affected by Spray-Drying and Ultrasonication Treatment”,
hereby, solemnly declare that this is the original research work done by me under the
supervision of Prof. Sajid Maqsood, in the College of Agriculture and Veterinary
Medicine at UAEU. The scientific work presented in this study was not previously
used to award any academic degree, diploma, or a similar title at UAEU or any other
university. All data and scientific information obtained from other sources (whether
published or unpublished) and relied upon or included in my thesis have been properly
cited and acknowledged in accordance with appropriate academic conventions. I
further declare that there is no potential conflict of interest with respect to the research,
data collection, authorship, presentation and/or publication of this thesis.

Student’s Signature:

Date: 03/07/2022

iii

Copyright © 2022 Alanoud Muhsen Al Thaibani
All Rights Reserved

iv

Advisory Committee
1) Advisor: Prof. Sajid Maqsood
Title: Professor
Department of Food Science
College of Agriculture and Veterinary Medicine
2) Co-advisor: Mohammed Ayoub
Title: Associate Professor
Department of Biology
College of Science
3) Co-advisor: Akmal Nazir
Title: Assistant Professor
Department of Food Science
College of Agriculture and Veterinary Medicine
4) Co-advisor: Priti Mudgil
Title: Instructor
Department of Food Science
College of Agriculture and Veterinary Medicine

v

Approval of the Master Thesis
This Master Thesis is approved by the following Examining Committee Members:
1) Advisor (Committee Chair): Prof. Sajid Maqsood
Title: Professor
Department of Food Science
College of Agriculture and Veterinary Medicine
Signature:

Date: 04/07/2022

2) Member: Dr. Shabarinath Srikumar
Title: Assistant Professor
Department of Food Science
College of Agriculture and Veterinary Medicine
Signature:

Date: 04/07/2022

3) Member (External Examiner): Dr. Adela Mora-Gutierrez
Title: Research Scientist
Department of CARC
College of CAHS, Prairie View A&M University, USA
Signature:

Date: 06/07/2022

vi
This Master Thesis is accepted by:

Dean of the College of Agriculture and Veterinary Medicine: Professor Bhanu
Chowdhary

Signature

Date

16/08/2022

Dean of the College of Graduate Studies: Professor Ali Al-Marzouqi

Signature

Date

16/08/2022

vii

Abstract
Whey protein concentrates (WPCs) are gaining importance as a functional ingredient
due to their nutritional, techno-functional and bioactive properties. In this study,
WPCs were prepared from skimmed camel milk, then either spray-dried (SD) at 170,
185 and 200°C, or treated by ultrasonication (US) (20 kHz) for 5, 10 and 15 min
followed by freeze-drying to obtain powders. The characterization of WPC powders
was carried out by Sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDSPAGE) and Reverse-Phase Ultra Performance Liquid Chromatography (RP-UPLC)
which showed that the US treatment degraded the proteins more than SD. The
morphology, particle size, and surface charge of WPC were further studied using
scanning electron microscopy (SEM) and Zetasizer, and the lowest particle size of
215.1 nm with surface charge of -21.6 mv was achieved with SD-185 WPC. Moreover,
SD samples revealed whiter color compared to the US-treated samples which were
slightly yellowish in color. US-15 sample exhibited high protein solubility (100%),
whereas the camel WPC spray-dried at a temperature of 200°C (SD-200) showed
reduced solubility (92.7%). Improvement in the emulsifying properties of WPC
powders was observed after SD and US, with highest emulsifying activity index (EAI)
values of 143.75 m2/g and 143.11 m2/g reported for SD-185 and US-15 WPC samples,
respectively. However, SD and US treatments negatively affected fat absorption
capacity (FAC) and foaming capacity (FC) of WPC samples. Overall, SD and US
treatments enhanced antioxidant activities, and the highest 2,2'-azino-bis (3ethylbenzothiazoline-6-sulfonic acid) (ABTS) (12.12 mmol TE/g) and 2,2-diphenyl1-picrlthydrazyl (DPPH) radical scavenging activity (6.86 mmol TE/g) were recorded
for US-15 and US-5 samples, respectively. Furthermore, US-10 sample exhibited the
highest α-amylase, α-glucosidase, and dipeptidyl-peptidase-IV inhibitory activities
among all samples with IC50 values of 81.18, 130.10, and 67.92 µg/ml, respectively.
Whereas SD at lower temperature (170°C) generated WPC samples with higher invitro antidiabetic activities. In addition, the in-vitro anti-hypercholesterolemic
activities of WPC samples were evaluated using the pancreatic lipase (PL) and
cholesteryl esterase (CE) inhibitory assays, and US-10 and SD-170 powders showed
the lowest IC50 values (72.83 and 115.16 µg/ml) and (79.12 and 130.34 µg/ml),
respectively. To conclude, SD and US processes were found to improve the technofunctional and bioactive properties of camel WPCs, and thus can be utilized as a
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promising strategy to preserve and enhance techno-functional and bioactive properties
of camel WPC.

Keywords: Camel whey protein, Ultrasound, Spray-drying, Techno-functional
properties, Bioactive properties.
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)Title and Abstract (in Arabic

دراﺳﺔ ﺗﺄﺛﯿﺮ اﻟﺘﺠﻔﯿﻒ ﺑﺎﻟﺮش واﻟﻤﻌﺎﻟﺠﺔ ﺑﺎﻟﻤﻮﺟﺎت ﻓﻮق اﻟﺼﻮﺗﯿﺔ ﻟﻤﺮﻛًﺰ ﺑﺮوﺗﯿﻦ ﻣﺼﻞ
ﺣﻠﯿﺐ اﻹﺑﻞ ﻋﻠﻰ اﻟﺨﺼﺎﺋﺺ اﻟﻔﯿﺰﯾﺎﺋﯿﺔ اﻟﻜﯿﻤﯿﺎﺋﯿﺔ واﻟﻮظﯿﻔﯿﺔ اﻟﺘﻜﻨﻠﻮﺟﯿﺔ واﻟﻨﺸﻄﺔ
ﺑﯿﻮﻟﻮﺟﯿﺎ ً
اﻟﻤﻠﺨﺺ
ﻧﻈﺮا ﻟﺨﺼﺎﺋﺼﮭﺎ اﻟﻐﺬاﺋﯿﺔ واﻟﻮظﯿﻔﯿﺔ اﻟﺘﻜﻨﻮﻟﻮﺟﯿﺔ
ﺗﻜﺘﺴﺐ ﻣﺮﻛﺰات ﺑﺮوﺗﯿﻦ ﻣﺼﻞ اﻟﺤﻠﯿﺐ أھﻤﯿﺔ ﻛﻤﻜﻮن وظﯿﻔﻲ ً
واﻟﻨﺸﻄﺔ ﺑﯿﻮﻟﻮﺟﯿًﺎ .ﻓﻲ ھﺬه اﻟﺪراﺳﺔ ،ﺗﻢ ﺗﺤﻀﯿﺮ ﻣﺮﻛﺰات ﺑﺮوﺗﯿﻦ ﻣﺼﻞ اﻟﺤﻠﯿﺐ ﻣﻦ ﺣﻠﯿﺐ اﻹﺑﻞ ﻣﻨﺰوع اﻟﺪﺳﻢ ،ﺛﻢ
ﺗﺠﻔﯿﻔﮭﺎ ﻋﻦ طﺮﯾﻖ اﻟﺘﺠﻔﯿﻒ ﺑﺎﻟﺮش ﻋﻨﺪ  170و 185و 200درﺟﺔ ﻣﺌﻮﯾﺔ ،أو ﻣﻌﺎﻟﺠﺘﮭﺎ ﺑﺎﻟﻤﻮﺟﺎت ﻓﻮق اﻟﺼﻮﺗﯿﺔ
) 20ﻛﯿﻠﻮ ھﺮﺗﺰ( ﻟﻤﺪة  5و 10و 15دﻗﯿﻘﺔ ﻋﻨﺪ درﺟﺔ ﺣﺮارة ﺛﺎﺑﺘﺔ ) 25درﺟﺔ ﻣﺌﻮﯾﺔ( ﻣﺘﺒﻮﻋﺔ ﺑﺎﻟﺘﺠﻔﯿﻒ ﺑﺎﻟﺘﺠﻤﯿﺪ
ﻟﻠﺤﺼﻮل ﻋﻠﻰ ﻣﺴﺎﺣﯿﻖ .ﺗﻢ إﺟﺮاء ﺗﻮﺻﯿﻒ ﻣﺴﺎﺣﯿﻖ ﺑﺮوﺗﯿﻦ ﻣﺼﻞ اﻟﺤﻠﯿﺐ ﺑﻮاﺳﻄﺔ )(SDS-PAGE
واﻟﻜﺮوﻣﺎﺗﻮﻏﺮاﻓﯿﺎ اﻟﺴﺎﺋﻠﺔ ذات اﻷداء اﻟﻔﺎﺋﻖ اﻟﻌﻜﺴﻲ ) (RP-UPLCاﻟﺘﻲ أظﮭﺮت أن اﻟﻤﺴﺤﻮق اﻟﻤﻌﺎﻟﺞ ﺑﺎﻟﻤﻮﺟﺎت
ﻓﻮق اﻟﺼﻮﺗﯿﺔ أظﮭﺮ ﺗﺪھﻮر أﻛﺜﺮ ﻓﻲ اﻟﺒﺮوﺗﯿﻨﺎت اﻟﻤﻮﺟﻮدة ﺑﺎﻟﻤﻘﺎرﻧﺔ ﻟﻠﺒﺮوﺗﯿﻨﺎت ﻓﻲ اﻟﻤﺴﺤﻮق اﻟﻤﺠﻔﻒ ﺑﺎﻟﺮش.
ﺗﻤﺖ دراﺳﺔ اﻟﺘﺸﻜﻞ وﺣﺠﻢ اﻟﺠﺴﯿﻤﺎت واﻟﺸﺤﻨﺔ اﻟﺴﻄﺤﯿﺔ ﻟﻌﯿﻨﺎت ﻣﺮﻛﺰ ﺑﺮوﺗﯿﻦ ﻣﺼﻞ اﻟﺤﻠﯿﺐ ﺑﺎﺳﺘﺨﺪام اﻟﻔﺤﺺ
اﻟﻤﺠﮭﺮي اﻹﻟﻜﺘﺮوﻧﻲ ،وﺗﻢ ﺗﺤﻘﯿﻖ أﻗﻞ ﺣﺠﻢ ﻟﻠﺠﺴﯿﻤﺎت ﻗﺪره  215.1ﻧﺎﻧﻮﻣﺘﺮ ﺑﺸﺤﻨﺔ ﺳﻄﺤﯿﺔ ﺗﺒﻠﻎ  -21.6ﻣﻠﻠﻲ
ﻓﻮﻟﺖ ﺑﺎﺳﺘﺨﺪام اﻟﻤﺴﺤﻮق اﻟﻤﺠﻔﻒ ﺑﺎﻟﺮش ﻋﻨﺪ  185درﺟﺔ ﻣﺌﻮﯾﺔ .ﻋﻼوة ﻋﻠﻰ ذﻟﻚ ،ﻛﺸﻔﺖ ﻣﺮﻛﺰات ﺑﺮوﺗﯿﻦ ﻣﺼﻞ
اﻟﺤﻠﯿﺐ اﻟﻤﻌﺎﻟﺠﺔ ﻋﻦ طﺮﯾﻖ اﻟﺘﺠﻔﯿﻒ ﺑﺎﻟﺮش ﻋﻦ ﻟﻮن أﻛﺜﺮ ﺑﯿﺎﺿًﺎ ﻣﻘﺎرﻧﺔً ﺑﺎﻟﻌﯿﻨﺎت اﻟﻤﻌﺎﻟﺠﺔ ﺑﺎﻟﻤﻮﺟﺎت ﻓﻮق اﻟﺼﻮﺗﯿﺔ
واﻟﺘﻲ ﻛﺎﻧﺖ ﺻﻔﺮاء ﻗﻠﯿﻼً ﻓﻲ اﻟﻠﻮن .أظﮭﺮت ﻋﯿﻨﺔ اﻟﻤﺴﺤﻮق اﻟﻤﻌﺎﻟﺞ ﺑﺎﻟﻤﻮﺟﺎت ﻓﻮق اﻟﺼﻮﺗﯿﺔ ﻟﻤﺪة  5دﻗﺎﺋﻖ ﻗﺎﺑﻠﯿﺔ
ذوﺑﺎن ﻋﺎﻟﯿﺔ ﻟﻠﺒﺮوﺗﯿﻦ ) ،(٪100ﺑﯿﻨﻤﺎ أظﮭﺮ اﻟﻤﺴﺤﻮق اﻟﻤﺠﻔﻒ ﺑﺎﻟﺮش ﻟﻺﺑﻞ ﻋﻨﺪ  200درﺟﺔ ﻣﺌﻮﯾﺔ اﻧﺨﻔﺎض ﻓﻲ
ﻗﺎﺑﻠﯿﺔ اﻟﺬوﺑﺎن إﻟﻰ ) .(٪92.7ﻟﻮﺣﻆ ﺗﺤﺴﻦ ﻓﻲ اﻟﺨﺼﺎﺋﺺ اﻟﻮظﯿﻔﯿﺔ اﻟﺘﻜﻨﻠﻮﺟﯿﺔ ﻟﻤﺴﺎﺣﯿﻖ ﻣﺮﻛﺰات ﺑﺮوﺗﯿﻦ ﻣﺼﻞ
اﻟﺤﻠﯿﺐ ﻋﻦ طﺮﯾﻖ اﻟﺘﺠﻔﯿﻒ ﺑﺎﻟﺮش واﻟﻤﻌﺎﻟﺠﺔ ﺑﺎﻟﻤﻮﺟﺎت ﻓﻮق اﻟﺼﻮﺗﯿﺔ ،ﺣﯿﺚ ﺗﻢ اﻹﺑﻼغ ﻋﻦ أﻋﻠﻰ ﻗﯿﻢ ﻟﻤﺆﺷﺮ
ﻧﺸﺎط اﻟﻤﺤﺎﻛﺎة )(EAIواﻟﺘﻲ ﺗﺒﻠﻎ  143.75م/2ﻏﺮام و 143.11م/2ﻏﺮام ﻟﻌﯿﻨﺎت اﻟﻤﺴﺤﻮق اﻟﻤﺠﻔﻒ ﺑﺎﻟﺮش ﻋﻨﺪ
 185درﺟﺔ ﻣﺌﻮﯾﺔ واﻟﻤﺴﺤﻮق اﻟﻤﻌﺎﻟﺞ ﺑﺎﻟﻤﻮﺟﺎت ﻓﻮق اﻟﺼﻮﺗﯿﺔ ﻟﻤﺪة  5دﻗﺎﺋﻖ ،ﻋﻠﻰ اﻟﺘﻮاﻟﻲ .وﻣﻊ ذﻟﻚ ،أﺛﺮت
ﻋﻼﺟﺎت اﻟﺘﺠﻔﯿﻒ ﺑﺎﻟﺮش واﻟﻤﻮﺟﺎت ﻓﻮق اﻟﺼﻮﺗﯿﺔ ﺳﻠﺒًﺎ ﻋﻠﻰ ﻗﺪرة اﻣﺘﺼﺎص اﻟﺪھﻮن ) (FACوﻗﺪرة اﻟﺮﻏﻮة
) (FCﻟﻌﯿﻨﺎت ﻣﺮﻛﺰات ﺑﺮوﺗﯿﻦ ﻣﺼﻞ اﻟﺤﻠﯿﺐ .ﺑﺸﻜﻞ ﻋﺎم ،ﻋﺰزت ﻋﻼﺟﺎت اﻟﺘﺠﻔﯿﻒ ﺑﺎﻟﺮش واﻟﻤﻮﺟﺎت ﻓﻮق
اﻟﺼﻮﺗﯿﺔ ﻧﺸﺎطﺎت ﻣﻀﺎدات اﻷﻛﺴﺪة ،وﺗﻢ ﺗﺴﺠﯿﻞ أﻋﻠﻰ ﻧﺸﺎط اﻟﻜﺴﺢ اﻟﺠﺬري ﻟـ  12.12) ABTSﻣﻠﻠﻲ ﻣﻮل /TE
ﺟﺮام( و 6.86) DPPHﻣﻠﻠﻲ ﻣﻮل  /TEﺟﺮام( ﻟﻌﯿﻨﺎت اﻟﻤﺴﺤﻮق اﻟﻤﻌﺎﻟﺞ ﺑﺎﻟﻤﻮﺟﺎت ﻓﻮق اﻟﺼﻮﺗﯿﺔ ﻟﻤﺪة  15و5
دﻗﺎﺋﻖ ،ﻋﻠﻰ اﻟﺘﻮاﻟﻲ .ﻋﻼوة ﻋﻠﻰ ذﻟﻚ ،أظﮭﺮت ﻋﯿﻨﺔ اﻟﻤﺴﺤﻮق اﻟﻤﻌﺎﻟﺞ ﺑﺎﻟﻤﻮﺟﺎت ﻓﻮق اﻟﺼﻮﺗﯿﺔ ﻟﻤﺪة  10دﻗﺎﺋﻖ
أﻋﻠﻰ ﻧﺸﺎط ﻣﺜﺒﻂ ﻟـ  α-amylaseو α-glucosidaseو dipeptidyl-peptidase-IVﺑﯿﻦ ﺟﻤﯿﻊ اﻟﻌﯿﻨﺎت ﺑﻘﯿﻢ
 IC50ﻋﻨﺪ  81.18و 130.10و 67.92ﻣﯿﻜﺮوﻏﺮام/ﻣﻞ ﻋﻠﻰ اﻟﺘﻮاﻟﻲ .ﻓﻲ ﺣﯿﻦ أن اﻟﺘﺠﻔﯿﻒ ﺑﺎﻟﺮش ﻋﻨﺪ درﺟﺔ
ﺣﺮارة ﻣﻨﺨﻔﻀﺔ ) 170درﺟﺔ ﻣﺌﻮﯾﺔ( أﻧﺘﺠﺖ ﻧﺸﺎط ﻣﻀﺎد ﻟﻤﺮض اﻟﺴﻜﺮ ﻓﻲ اﻟﻤﺨﺘﺒﺮ أﻋﻠﻰ ﻣﻦ ﻋﯿﻨﺎت ﻣﺮﻛﺰات
ﺑﺮوﺗﯿﻦ ﻣﺼﻞ اﻟﺤﻠﯿﺐ .ﺑﺎﻹﺿﺎﻓﺔ إﻟﻰ ذﻟﻚ ،ﺗﻢ ﺗﻘﯿﯿﻢ اﻷﻧﺸﻄﺔ اﻟﻤﻀﺎدة ﻟﻔﺮط ﻛﻮﻟﯿﺴﺘﺮول اﻟﺪم ﻓﻲ اﻟﻤﺨﺘﺒﺮ ﻟﻌﯿﻨﺎت
ﻣﺮﻛﺰات ﺑﺮوﺗﯿﻦ ﻣﺼﻞ اﻟﺤﻠﯿﺐ ﺑﺎﺳﺘﺨﺪام ﻣﻘﺎﯾﯿﺲ ﻣﺜﺒﻄﺔ ﻟـﺎﻧﺰﯾﻤﺎت اﻟﺒﻨﻜﺮﯾﺎس واﻟﻜﻮﻟﯿﺴﺘﺮول ،esterase
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وأظﮭﺮت اﻟﻤﺴﺎﺣﯿﻖ اﻟﻤﻌﺎﻟﺠﺔ ﺑﺎﻟﻤﻮﺟﺎت ﻓﻮق اﻟﺼﻮﺗﯿﺔ ﻟﻤﺪة  10دﻗﺎﺋﻖ واﻟﻤﺠﻔﻔﺔ ﺑﺎﻟﺮش ﻋﻨﺪ  170درﺟﺔ ﻣﺌﻮﯾﺔ
أدﻧﻰ ﻗﯿﻢ ﻟـ  IC50ﻋﻨﺪ ) 72.83و 115.16ﻣﯿﻜﺮوﻏﺮام  /ﻣﻞ( و ) 79.12و 130.34ﻣﯿﻜﺮوﻏﺮام  /ﻣﻞ( ﻋﻠﻰ
اﻟﺘﻮاﻟﻲ .ﻓﻲ اﻟﺨﺘﺎم ،ﺗﻢ اﻟﻌﺜﻮر ﻋﻠﻰ اﻟﻤﺴﺎﺣﯿﻖ اﻟﻤﻌﺎﻟﺠﺔ ﻋﻦ طﺮﯾﻖ اﻟﺘﺠﻔﯿﻒ واﻟﻤﻮﺟﺎت ﻓﻮق اﻟﺼﻮﺗﯿﺔ ﻟﺘﺤﺴﯿﻦ
اﻟﻔﯿﺰﯾﺎﺋﯿﺔ اﻟﻜﯿﻤﯿﺎﺋﯿﺔ واﻟﻮظﯿﻔﯿﺔ اﻟﺘﻜﻨﻠﻮﺟﯿﺔ واﻟﻨﺸﻄﺔ ﺑﯿﻮﻟﻮﺟﯿًﺎ ﻟـ ﻣﺮﻛﺰات ﺑﺮوﺗﯿﻦ ﻣﺼﻞ ﺣﻠﯿﺐ اﻹﺑﻞ ،وﺑﺎﻟﺘﺎﻟﻲ ﯾﻤﻜﻦ
اﺳﺘﺨﺪاﻣﮭﺎ ﻛﺎﺳﺘﺮاﺗﯿﺠﯿﺔ واﻋﺪة ﻟﻠﺤﻔﺎظ ﻋﻠﻰ ھﺬه اﻟﺨﺼﺎﺋﺺ ﻟﺒﺮوﺗﯿﻨﺎت ﻣﺼﻞ ﺣﻠﯿﺐ اﻹﺑﻞ وﺗﻌﺰﯾﺰھﺎ.

ﻣﻔﺎھﯿﻢ اﻟﺒﺤﺚ اﻟﺮﺋﯿﺴﯿﺔ :ﺑﺮوﺗﯿﻦ ﻣﺼﻞ ﺣﻠﯿﺐ ﻟﻺﺑﻞ ،اﻟﻤﻮﺟﺎت ﻓﻮق اﻟﺼﻮﺗﯿﺔ ،اﻟﺘﺠﻔﯿﻒ ﺑﺎﻟﺮش ،اﻟﺨﺼﺎﺋﺺ
اﻟﻮظﯿﻔﯿﺔ اﻟﺘﻜﻨﻠﻮﺟﯿﺔ ،اﻟﺨﺼﺎﺋﺺ اﻟﻨﺸﻄﺔ ﺑﯿﻮﻟﻮﺟﯿﺎ ً.
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Chapter 1: Introduction

1.1 Overview
Mother’s milk is one of the best options for the new-born infants, because not all of the
infants have been exclusively breastfed during the first six months, which leads to the early
onset of allergic diseases in some infants who consume bovine milk known as cow milk
protein allergy (CMPA) in 2–6% of children. Therefore, another substitute or alternative
must be provided as bovine milk.
Camel milk constitutes an important component of human diets in many parts of the world
especially arid countries (El-Hatmi et al., 2007). Based on the Food and Agriculture
Organization (FAO) of the United Nations (UN) statistics, in 2019 there were
approximately 29 million camels in the world (FAO, 2019). In the next few years, it is
predicted that the population of camels and camel milk yield will increase continuously
due to increased demand and interest by consumers (El-Agamy et al., 2009; Al Haj & Al
Kanhal, 2010; Ho et al., 2019). Camels are considered to be a good source of milk due to
its important role in human nutrition and composition.
The composition of camel milk differs according to the geographical area, type of diet fed
to the camel, breeds, stage of lactation, age, health status of the animal and season (Ho et
al., 2019; Maqsood et al., 2019). Camel milk contains 3.1% protein (Al Haj & Al Kanhal,
2010) comprising of casein (52-87%) and whey protein (WP) (20%) (Zhang et al., 2016;
Maqsood et al., 2019). According to the molecular characterizations, camel milk proteins
have unique functional and bioactive properties (El-Agamy et al., 2009).
Camel whey proteins (CWP) apart from being rich in essential amino acids are also known
to have other potential therapeutic properties including antioxidant, antidiabetic, anti-
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obesity and anti-hypertensive properties (El-Agamy et al., 2009; Al Haj & Al Kanhal,
2010; Ibrahim et al., 2018; Kamal et al., 2018; Mudgil et al., 2019). The health benefiting
properties of CWP are attributed to the content of α-lactalbumin (α-LA), serum albumin,
lactoferrin, lactoperoxidase, lysozyme and immunoglobulins (Ho et al., 2019; Maqsood et
al., 2019).
Due to the unique chemical composition of camel whey, camel milk is considered to have
striking similarity with human milk in lacking β-lactoglobulin (β-LG) and richness of αLA (Izadi et al., 2019). β-LG is the protein that is responsible for causing cow milk protein
allergy (CMPA). Thus, camel milk is considered to be a suitable alternative for people
who have allergenicity to bovine milk (El-Hatmi et al., 2007; El-Agamy et al., 2009; Hailu
et al., 2016; Benabdelkamel et al., 2017; Ho et al., 2019; Izadi et al., 2019). It has been
recommended to consume camel milk proteins by children who are allergic to bovine milk
(Al Haj & Al Kanhal, 2010). In recent two decades, many studies have introduced camel
milk as an ideal substitute to treat children patients with CMPA (Izadi et al., 2019).
Accordingly, camel milk whey protein concentrates (WPC) can have a huge market as
nutritional supplements and additives because of its specific nutritional and therapeutic
values. Therefore, producing camel WPC powder will be an efficient strategy to utilize
camel milk.
WPC are gaining importance as food additives due to their nutritional, techno-functional
and bioactive properties. Whey is generally converted into its powder form to ensure its
long-term storage, easy transportation and varied utility in food industry. Depending upon
the percentage of protein present in whey powders, it can be categorized into whey
concentrates (protein content 30-80%) and whey protein isolates (WPI) (protein > 90%)
(Foegeding & Davis, 2011). WPC can be produced through different processing treatments
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that alter the functional and bioactive properties of WP (Carter et al., 2018). Various drying
methods that are used in the production of WPC includes spray-drying (SD) and freezedrying (FD). The SD process allows the transformation of liquid solutions into powdered
products, which are rapidly formed by the removal of water along with the rapid cooling
of the material (Uscategui et al., 2018). Since SD process involves high temperatures, it
might result in changes in protein functionality due to aggregation and denaturation of WP
(Carter et al., 2018). In contrast, the FD process is the most common method used for
production of dry powder, which can preserve the properties of proteins. FD process is
time-consuming but involves low temperatures and can produce powders with suitable
properties (Teijeiro et al., 2018). In this context, high drying temperature used for WPC
production can affects the final quality of the product. The quality attributes of WP are
reported to be affected by different pre-treatments. Therefore, this study will further
explore the potential of ultrasound (US) treatment in improving the techno-functional and
bioactive properties of camel whey protein concentrates (CWPC).Various non-thermal
technologies such as US and high-pressure processing have been used to replace
conventional processing and speculations are that utilization of such non-thermal
techniques for food processing will increase considering the superior effect of the nonthermal techniques has on nutritional, sensory, and bioactive properties of different foods
(Ahmadi et al., 2017). To the best of our knowledge, there is no literature available about
the physicochemical, techno-functional, and bioactive properties of CWPC as affected by
SD and US. Hence, the aim of this present study was to explore the effects of SD and US
on the physicochemical, techno-functional, characterization and bioactive properties of
CWPC.

4
1.2 Statement of the Problem
This study explored the processing of the camel whey proteins using two different
processing

techniques,

spray-drying

and

ultrasonication.

Investigating

techno-

functionality of the whey proteins as affected by different drying methods and
ultrasonication process will help in devising a suitable strategic to prepare the whey protein
concentrate from camel milk. Lack of available literature covering the physicochemical,
techno-functional, and bioactive properties of camel whey protein concentrate (CWPC) as
affected by SD and US has fueled the need of such studies to provide more insights into
the effect of such processing methods on the properties of CWPC. Thus, the aim of this
study was to investigate the effects of SD and US on the physicochemical, technofunctional, and bioactive properties of CWPC since, camel milk powders produced by SD
is still at an early stage of research and development. The findings of this study may
provide the strategies to process CWPC with an aim to produce bioactive and functional
ingredients from a locally available camel milk. The CWPC powders possess the potential
to be able to utilize in the production of protein-rich food products and hopefully contribute
towards achieving food sustainability and security in UAE and the region.
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Chapter 2: Relevant Literature

2.1 Camel Milk Composition and Proteins
Camel milk is popular in many countries due to its health-promoting properties (Habtegebriel,
Wawire et al., 2018). The camel milk average density is around 1.029 g cm3. Camel milk
colour, generally opaque and white, the camel milk is normal to be sweet and has a strong taste,
also according to the camel diet it may have a salty taste. There are many reasons for the taste
changing, one of them might be the availability of drinking water in the desert. Normally, the
viscosity of camel milk at 20°C is 1.72 mPa, whereas the pH of camel milk ranges from 6.5 to
6.7 (Al Haj & Al Kanhal, 2010). The camel milk remains more stable at room temperature than
bovine milk.
Habtegebriel, Edward et al. (2018) reported that the camel milk’s proximate including fat,
protein, and lactose contents were found in lower amounts when compared to bovine milk.
However, the ash content present in camel milk was higher than that of bovine milk. The
average total ash of camel milk (dromedary) was 0.79%. and ranged from 0.60% to 0.90%, and
camel milk has a pH which is lower than that of bovine milk.
The chemical composition of camel milk is mainly composed of 3.8% lipids, 3.4% total
proteins, 4.5% lactose, and 0.8% ash (Hailu et al., 2016; Benabdelkamel et al., 2017). Al Haj
& Al Kanhal (2010) reported that the total protein content of camel milk is ranging from 2.15
to 4.90%. The changes in variations in camel milk were linked to many factors including
analytical procedures used, camel diet, geographical origin, seasonal variations, availability of
the water and livestock management practices. Previous studies that determined the camel milk
composition suggested that geographical origin and seasonal variations are the main factors
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affecting the composition of camel milk (Al Haj & Al Kanhal, 2010; Izadi et al., 2019). The
collected data of whole and skimmed camel milk composition that were obtained from
previously published scientific studies with their respected references are presented in Table 1.
Table 1: The compositional analysis of the whole and skimmed camel milk
Whole camel milk
Fat%

Proteins%

Lactose%

Total
solids%

Ash%

pH%

Reference

3.2 ± 0.0

3.41 ± 0.31

-

-

0.750 ±
0.102

6.460 ±
0.01

3·5

3·1

4·4

-

0·79

-

3.00 ±
0.00

3.21 ± 0.02

3.01 ± 0.01

10.29 ± 0.01

-

6.69 ± 0.03

2.76 ±
0.01

3.59 ± 0.02

3.78 ± 0.01

10.97 ± 0.02

0.84 ± 0.01

6.59 ± 0.00

2.7 ± 0.1

3.2 ± 0.2

4.9 ± 0.1

-

0.9 ± 0.2

-

3.39 ±
1.32

2.47 ± 0.04

4.80 ± 0.08

11.25 ± 1.48

-

-

2.7 ± 0.1

2.8 ± 0.1

4.7 ± 0.1

11.6 ± 0.2

1.2 ± 0.1

-

(El-Hatmi et
al., 2015)
(Hailu et al.,
2016)
(Habtegebriel,
Wawire et al.,
2018)
(Habtegebriel,
Edward et al.,
2018)
(Zouari et al.,
2019)
(Genene et al.,
2019)
(Zouari,
Schuck et al.,
2020)

Skimmed camel milk
Fat%

Proteins%

Lactose%

Total
solids%

Ash%

pH%

0.06 ±
0.01

3.61± 0.02

3.71 ± 0.02

8.20 ± 0.02

-

6.56 ± 0.00

2.7±0.1

3.2±0.

4.9±0.1

11.7±0.2

0.7±0.1

-

Reference
(Habtegebriel,
Edward et al.,
2018)
(Zouari,
Schuck et al.,
2020)

Major WP components including α-LA, β-LG, serum albumin, lactoferrin and several different
immunoglobulins are the major components of WPs in milk. The availability of these WPs
differs from one species to another (Hailu et al., 2016). A study conducted by Ellouze et al.
(2020) reported that α-LA is the most abundant WP in camel milk, averaging 40% of total WP
content. The α-LA is composed of 123 amino acid residues (rich in essential amino acids) in
which they compact together to form a globular protein. Camel α-LA protein is readily
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digestible compared to bovine counterpart (Ellouze et al., 2020). The abundance of these
proteins in camel milk compared to bovine milk provides advantage in regard to beneficial
functional properties to camel milk. The camel milk proteins may be classified into three
groups including, caseins, WP, and milk fat globule membrane proteins, in which these protein
components provide the camel milk with a unique compositional property.
2.1.1 Camel Caseins
Casein is the main protein present in camel milk with percentage ranging from 52-87% of the
total proteins available in camel milk (Al Haj & Al Kanhal, 2010; Maqsood et al., 2019). The
casein fractions in camel milk consists of αs1-casein, αs2-casein, β-casein, and κ-casein (Hailu
et al., 2016; Zhang et al., 2016). The camel milk’s major casein fraction is β-casein covering
over 65% of total casein followed by αs1-casein with 21% of total casein. κ-casein in camel
milk is present in low amount which is around 3.47% of the total casein. While bovine milk’s
main casein fraction is β-casein followed by αs1-casein, αs2-casein, and κ-casein with average
percentages of 41.2%, 33.0%, 11.8%, and 12.2%, respectively from the total casein content
(Amalfitano et al., 2019). Similar to human milk, camel milk contains a high percentage of βcasein (Al Haj & Al Kanhal, 2010; Maqsood et al., 2019).
2.1.2 Camel Whey Proteins
In the past, WP was discarded as waste product that are produced as by-product of the cheese
and casein manufacturing industry. (CWPs) comprise around 20-25% of the total proteins
making it the second main component available in camel milk. It is known for CWP when it is
released after coagulation to have a white colour, whereas whey proteins from bovine milk
have a greenish colour (Al Haj & Al Kanhal, 2010). CWP is a complex mixture of different
proteins, in which its main protein fractions are, α-LA, serum albumin, and immunoglobulins

8
(Hailu et al., 2016; Momen et al., 2019). Other components of CWPs include lactoferrin,
peptidoglycan recognition protein, and lactoperoxidase (El-Hatmi et al., 2007; Laleye et al.,
2008; Al Haj & Al Kanhal, 2010; Hailu et al., 2016; Badr et al., 2017; Izadi et al., 2019).
Camel α-LA is considered the main component of camel WP with average content of 70%
(w/w) of the whey proteins present which is quite close to the content of α-LA in human milk
(Lajnaf et al., 2018). CWP lacks β-LG as also observed in human milk (Al Haj & Al Kanhal,
2010; Lajnaf et al., 2018; Izadi et al., 2019; Maqsood et al., 2019). Hence, CWP has no
allergenic properties and can be safely consumed by lactase and/or immune-deficient
populations. Moreover, serum albumin is present in a good amount around 10.8 g/l in camel
milk (Badr et al., 2017). Habtegebriel, Edward et al. (2018) reported that CWP have similar
heat stability with bovine whey protein (BWP) because of the absence of β-LG. Other studies
reported that CWPs have been shown to be more heat stable than BWPs due to the lack of βLG protein (Al Haj & Al Kanhal, 2010; Izadi et al., 2019). Moreover, CWP shows lower
sensitivity to heat denaturation as compared to BWP (Rahman et al., 2012). The denaturation
percentage of CWP appears to be lower than BWP, and denaturation occurs during heating at
temperatures above 60°C (Al Haj & Al Kanhal, 2010; Genene et al., 2019). Therefore, CWPs
are relatively more heat resistance compared with BWP (Genene et al., 2019). Generally, WPs
are present in higher concentration in camel milk compared to bovine milk (Laleye et al., 2008;
Badr et al., 2017; Genene et al., 2019). Thus, the recent research have been carried out on
functional and bioactive roles of whey proteins in camel milk to discover the physiological and
functional attributes of CWP and eventually provides opportunity for the food industry to
incorporate milk proteins into various foods, mainly through investigating WPC and WP
powders (Hailu et al., 2016; Gorachiya et al., 2018).
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2.1.2.1 Physicochemical Properties of CWP
The physicochemical properties of camel milk are dependent on many factors including the
geographical origin, camel species, and lactation stage. Geographical origin has a significant
effect on the composition of camel milk. Camel milks produced from Asian origin contain
higher amounts of dry matter values of protein, fat, and lactose than camel milks obtained from
hybrids and Arabian camels (Izadi et al., 2019). The color of camel milk is opaque white, the
taste is salty, and odour is normal (Al Haj & Al Kanhal, 2010).
2.1.2.2 Characteristics of CWP
The characteristics and composition of CWP are linked to several factors including the camel’s
age, breed and, health as well as the camel’s diet, lactation stage, geographical location, and
climatic conditions. The seasonal changes and geographical location are the most important
factors (Izadi et al., 2019). Many analytical techniques have been used to characterize WP such
as sodium dodecyl sulphate-polyacrylamide gel electrophoresis (SDS-PAGE), (Maqsood et al.
2019), Fourier-Transform Infrared (FTIR) spectroscopy (Habtegebriel, Wawire et al., 2018),
and X-ray diffraction (XRD) (Nishanthi et al., 2018) as well as by chromatographic techniques
(Maqsood et al., 2019).
Characterization of WPs using SDS-PAGE displayed the identification and separation of
specific proteins. A study conducted by Maqsood et al. (2019) reported that SDS-PAGE offers
a good separation and detection of individual proteins in CWP. The study showed that
molecular weight of lactoferrin was 87 kDa. Lactoferrin and serum albumin were more
prominent in CWP than BWP and β-LG was completely absent in camel milk. This explains
the similarities between camel and human whey proteins in term of absence of β-LG (Al Haj
& Al Kanhal, 2010; Maqsood et al., 2019). A study by Hailu et al. (2016) using SDS-PAGE
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reported that ratio of an α-LA in the WPC is higher in camel milk, so significant enrichment in
α-LA was achieved within the WPC.
The FTIR as a technique is used to record the infrared absorbance spectra of samples, and to
measure the extent of change in protein secondary structure of WPs including (α-helix, β- sheet,
β-turn, loop and non-ordered structures) as a result of thermal treatment (Habtegebriel, Wawire
et al., 2018). This technique stated the amount and location of the peaks underlying these amide
bands. Amide I region is used to analyse the secondary structure of proteins because of its high
sensitivity to infrared spectroscopy. X-ray diffraction (XRD) and X-ray photoelectron
spectroscopy (XPS) analysis are another techniques used for WP powder characterization to
indicate the crystallization and amorphous characteristics of protein particles and to determine
the elemental composition of selected powder samples, respectively (Zouari, Gaucheron et al.,
2020; Zou et al., 2022).
2.1.2.3 Techno-Functional Properties of CWP
WPC exhibits various techno-functional properties, such as solubility in water, emulsification,
gelation, foaming, and fat binding capacity, water-binding capacity, and thermal stability
(Ghanimah et al., 2018; Al-Shamsi et al., 2018; Carter et al., 2018; Uscategui et al., 2018). The
functional properties are demonstrated due to the interaction of the protein particles with water
and other components. Such properties affect the appearance, structure, texture, viscosity, and
mouthfeel of the product (Ghanimah, 2018). Techno-functional properties not only depend on
the chemical composition of the whey proteins, but it also depends on the processing technique
that is applied to treat the proteins during the manufacturing process (Hailu et al., 2016).
Solubility of proteins has an important functional application in the food industry. The
reduction in the protein’s molecular weight accompanied by an increase in the hydrophilic
polypeptide units significantly increase the protein solubility. There are many factors that affect
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the solubility of proteins such as protein’s size, surface hydrophobicity, and the molecules
electrostatic repulsion. A study conducted by Al-Shamsi et al. (2018) reported that the protein
solubility of camel milk protein and its hydrolysates increase while the surface hydrophobicity
decrease.
Emulsifying activity index (EAI) is a direct method that measure the relative stability of the
emulsions render by a specific source of protein (Ellouze et al., 2020). Mainly, EAI is measured
at specific pH in the presence of a specific percentage of oil in order to measure the mean
diameter of the oil droplet size. There are many parameters that play an important role to
determine EAI of proteins for example amino acid composition, flexibility, and
hydrophobicity. In protein-rich emulsion liquids, when protein particles coated oil droplets act
as large protein particle, then it might destabilize the emulsions upon heat treatment (Momen
et al., 2019). Ellouze et al. (2020) reported that CWP have significant emulsifying properties
compared to BWP at specific pH (3.3) and at high protein content (3−8%). However, CWP
shows poor and unstable emulsions formed at a pH value of 5 because of the partial
denaturation of the protein (Laleye et al., 2008). EAI of CWP was higher compared to BWP
and this might be because of absence of β-LG (Maqsood et al., 2019). A high amount of α-LA
in CWP results in an increase in the emulsifying activity (EA) and foaming properties
(Prabhuzantye et al., 2019). It was reported that most of the oil droplets (~88%) in the
emulsions formed from CWP have a diameter of greater than 2 mm at pH 5 (Al Haj & Al
Kanhal, 2010). Ellouze et al. (2020) observed that increasing protein concentration does not
significantly improve EAI in camel α-LA proteins.
The WPs play an important role in milk foam formation. Polar and non-polar regions in WPs
gave them surface active properties and thus WPs are widely used for foam formation and
stabilization of food systems. Foam is a dispersed system found in food systems (Laleye et al.,
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2008). The foaming properties of proteins are affected by various factors such as quality of
isolated protein, protein concentration, pH, speed of whipping, temperature, method of
foaming, and mixing time (Maqsood et al., 2019). Zhang et al. (2004) reported that the main
determining factor for foam formation is the surface tension, in which any decrease in the
surface tension means that the protein will adsorb and stabilize the air bubbles rapidly to form
foams. CWPs demonstrate different behaviour at the air-water interface due to the pH value of
the whey and denaturation after the heat treatment (Zhang et al., 2004; Lajnaf et al., 2018).
When pH is decreased, protein molecules change their surface charge and hence their
flexibility, then foaming properties of WPs are altered. WPs have the best foaming properties
and stable foams are formed at acid pH than that at neutral pH, where they are more flexible
(Zhang et al., 2004; Lajnaf et al., 2018). In contrast, Hailu et al. (2016) reported that CWPs can
form stable foams at pH 7, which could provide foods with high nutritive value and functional
properties. The absence of β-LG might impact the final foaming properties after a thermal
treatment, while α-LA protein is the key protective protein layer that is involved at the airwater interface (Zhang et al., 2004). When WPs stabilize the foam, a protein network is created
via intermolecular interactions. It is important to understand the structure and the mechanical
properties of the air-water interface, to control the behaviour of the foam system (Laleye et al.,
2008). These functional properties of CWP were explored due to its importance especially for
the food industry. It is important for milk proteins to have a good emulsifying activity as it
increases the functionality and applications of this protein (Ellouze et al., 2020).
2.1.2.4 Bioactive Properties of CWP
High amounts of bioactive proteins, which are important for human nutritional and health, are
found in the CWPs (Benabdelkamel et al., 2017). Many studies have shown the importance of
CWPs as a nutritional and functional ingredient that provide diverse health benefits (Al Haj &
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Al Kanhal, 2010). There are many differences in camel milk protein composition which might
affect the bioactive properties after gastric and intestinal digestion (Maqsood et al., 2019). The
biological function for whey protein components is summarized from the literature by Badr et
al. (2017) and is shown in Table 2. Different bioactive properties of CWPs in terms of in-vitro
antioxidant, antidiabetic, anti-hypercholesterolemic, angiotensin-converting enzyme (ACE)
inhibitory, anti-inflammatory, and anticancer activities have been reported (Mudgil et al., 2018;
Izadi et al., 2019).
Table 2: The biological properties of different whey protein components (α-LA, lactoferrin,
lysozyme, immunoglobulin, and lactoperoxidase)
Components of
whey protein
α-LA
Lactoferrin
Lysozyme
Immunoglobulin
Lactoperoxidase

Biological properties
Improve the response of the antibody to the antigen and utilized in
the production of infant food
Strong antimicrobial activity, anti- inflammatory, and anticancer
Antibacterial protein that is found in milk, saliva, and tears
therefore plays a critical role in improving the innate immunity
Enhance immune function
Suppression of bacterial growth

2.1.2.4.1 Antioxidant Properties
The use of natural antioxidants has increased in the last decades because of their ability to treat
many diseases and health problems. Camel milk has antioxidant properties because of the
presence of vitamin C which helps to control tissue damage (Hailu et al., 2016; Izadi et al.,
2019). CWP is known to possess strong antioxidant activities (Badr et al., 2017). The
antioxidant activity of WP can stabilize electron deficient radicals by donating protons to
reduce oxidative stress (Arranz et al., 2019). Increasing the number of free radicals leads to
oxidative stress, which causes several chronic diseases in humans such as atherosclerosis,
cancer, diabetes and cardiovascular diseases. Antioxidants are active in scavenging free
radicals thereby preventing oxidative stress (Ibrahim et al., 2018). Camel α-LA protein exhibits
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greater antioxidant activity compared to bovine α-LA due to the existence of higher antioxidant
amino acids residues in camel α-LA (Al Haj & Al Kanhal, 2010; Badr et al., 2017).
Recently, WPs received attention due to their antioxidant activity. There are three different
main methodologies which have been used to assess in vitro antioxidant potential of WPs
including, 2,2′ diphenyl-1-picrylhydrazyl (DPPH) radical assay, ferric reducing antioxidant
power (FRAP) and 2,2′-azino-bis (3- ethylbenzothiazoline-6-sulfonic acid) (ABTS)
(Corrochano et al., 2018). The DPPH scavenge assay, mainly measure the ability of a
compound to scavenge the DPPH radical (Corrochano et al., 2018). Upon in-vitro simulated
gastro-intestinal digestion (SGID), it was observed that CWPs are more potent to DPPH radical
scavenging than BWPs (Maqsood et al., 2019). There are many reasons for these differences
including the variation in composition amino acid sequences in the generated peptides, and the
fraction variation of α-LA and β-LG might be one of these reasons (Maqsood et al., 2019).
Availability of α-LA in higher amount in camel WPs could lead to higher antioxidant activity
due to higher antioxidant amino acid residues. The high content of proteins possessing naturally
existing amino acid residues that can donate protons to free radicals and to chelate oxidizing
metals could perform as an effective antioxidant (Salami et al., 2010).
Izadi et al., (2019) reported that lactoferrin, an iron-binding glycoprotein, present in camel
milk might potentially enhance the antioxidant activity by scavenging the free radicals of
DPPH (Izadi et al., 2019). The FRAP assay is used to measure the antioxidant potential in WP
through the reduction of ferric iron (Fe3+) to ferrous iron (Fe2+) by antioxidant. A study carried
out with unhydrolyzed bovine and camel milk proteins showed no significant differences in
reducing power among the two samples. However, there was a significant variation in reducing
antioxidant power among the camel whey proteins hydrolysates (Maqsood et al., 2019) upon
digestion by gastric and intestinal enzymes. Other studies reported an improvement in ABTS
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and DPPH radical scavenging activities of CWP hydrolysates generated by proteolytic
enzymes of alcalase, bromelain, and papain (Mudgil et al., 2018). In contrast, a reduction in
the FRAP reducing power of CWP hydrolysates was observed after proteolytic digestion (AlShamsi et al., 2018; Mudgil et al., 2018). The factors that affect the antioxidant activity of
diverse WP hydrolysates are degree of hydrolysis, discrepancy in amino acid sequence of the
peptides released and the number of antioxidant peptides released (Izadi et al., 2019).
2.1.2.4.2 Anti-Diabetic Properties
Diabetes mellitus (DM) is a widespread disease worldwide and represents as one of the most
challenging health problems in this century, which is characterized by abnormally high blood
glucose levels due to defects in insulin secretion and/or increased insulin resistance (Lacroix
& Li-Chan, 2013; Badr et al., 2017). Different types of diabetes were identified such as type 1,
type 2 and gestational diabetes (Nongonierma et al., 2019). Oral consumption of WPs and their
hydrolysates positively affects blood glucose levels and insulinotropic responses in humans
(Kamal et al., 2018). It has been shown that the consumption of dairy proteins, especially WP
have beneficial antidiabetic properties because it exhibits bioactive peptides can regulate the
secretion of hormones such as insulin and/or inhibit enzymes involved in glycemia homeostasis
(Lacroix & Li-Chan, 2013; Hailu et al., 2016). It has been reported that camel milk
consumption resulted in reduction of insulin doses in 92% of diabetic patients due to the
presence of insulin and insulin-like protein (Izadi et al., 2019). Another study conducted by
Agarwal et al., (2003) reported that oral supplementation of raw camel milk was an effective
management for patients with type 1 diabetes with reduction of insulin daily dose from 41.16
to 30 mean dose insulin. In-vivo trials on rats with type 1 diabetes fed with camel milk showed,
enhancement of the insulin level, lowering of blood glucose levels, and improvement of
oxidative damage (Hailu et al., 2016). Camel milk has been proposed to be an antidiabetic
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functional food for the management of type 1 and type 2 diabetes (Nongonierma et al., 2019).
CWPs decrease blood glucose levels, regulates oxidative stress and the inflammatory response.
Moreover, few studies have reported the products and components of camel milk proteins that
may serve as natural sources of inhibitors of enzymes including alpha-amylase (α-amylase),
alpha-glucosidase (α-glucosidase) (Lacroix & Li-Chan, 2013). The α-amylase inhibition assay
is one of the approaches that used to manage type 2 diabetes such as postprandial
hyperglycaemia by suppression of the glucose absorption through inhibition of major enzymes
related to carbohydrate hydrolysing like α-amylase upon in vitro SGID. Bioactive compounds
that exist in natural sources like CWPs might have high potent enzyme inhibitory activity
against α-amylase (Mudgil et al., 2019). Izadi et al., (2019) reported that α-amylase inhibition
by fermented camel milk was enhanced by increasing the storage time. However, no significant
change was observed for the α-amylase inhibition by fermented bovine milk. The inhibition
activities against enzymes such as, α-amylase and α-glucosidase result in decrease in
carbohydrate hydrolysis and subsequent low absorption of sugars by the intestine (Izadi et al.,
2019).
Another strategy for controlling type 2 diabetes by slowing down the absorption of glucose in
the intestine is through the inhibition of carbohydrate-hydrolysing enzymes such as αglucosidase. The WP hydrolysates were studied for their inhibitory activity against the αglucosidase enzyme. The hydrolysed α-LA was able to inhibit the activity of α-glucosidase by
24%, whereas the lactoferrin and serum albumin hydrolysates had an inhibitory strength of 5%
and 6%, respectively. Hydrolysed WPs which can inhibit α-glucosidase activities may have the
ability to enhance blood glucose regulation by their capacity to supress the inactivation of the
incretin hormones and the intestinal digestion of carbohydrates (Lacroix & Li-Chan, 2013).
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Several antidiabetic drugs are accessible to treat type 2 diabetes. Gliptins are an example of
these drugs, which are synthetic inhibitors of dipeptidyl peptidase (DPP-IV) (Nongonierma et
al., 2019). There are an many side effects that are linked to synthetic DPP-IV inhibitors, so
natural DPP-IV inhibitors have been introduced as an alternative therapeutic strategy for
treating type 2 diabetes (Mudgil et al., 2019). There are two types of incretin hormones, known
as glucagon-like peptide-1 (GLP-1) and glucose-dependent insulinotropic polypeptide (GIP),
which can play a key role in controlling the synthesis and secretion of insulin from pancreas
for the improvement of blood glucose levels (Mudgil et al., 2019). DPP-IV is an enzyme which
can deactivate the incretins of these hormones which result in loss in their insulinotropic
activity (Izadi et al., 2019; Mudgil et al., 2019; Nongonierma et al., 2019). The synthesis and
regulation of insulin plays a significant role in the enhancement and control of blood glucose
levels, high-density lipoprotein (HDL), total cholesterol, and glycerides in diabetic patients
(Izadi et al., 2019). Therefore, inhibition of DPP-IV might be used in the therapeutic targets
towards the management of diabetes by increasing insulin secretion to promote glycaemic
regulation. Consequently, food proteins have been hydrolysed to generate peptides which have
the ability to inhibit DPP-IV in vitro (Nongonierma et al., 2019). Many studies showed that
dietary proteins might act as natural inhibitors for DPP-IV (Lacroix & Li-Chan, 2013).
Whey proteins are considered as precursors for peptides with DPP-IV inhibitory properties
(Kamal et al., 2018). It has been reported that CWP hydrolysates generated by gastric and
pancreatic enzymes showed 66–96% inhibition of DPP-IV enzyme. Another study has reported
that peptides generated from CWPs, showed high DPP-IV inhibition activity (Nongonierma et
al., 2019). Recently, enzymatic hydrolysates of WPs has been used as a potential inhibitor for
DPP-IV. Lacroix & Li-Chan, (2013) reported that α-LA derived peptides demonstrated 91%
inhibition against DPP-IV, while WPI hydrolysates showed 82% inhibition. In silico analysis
of camel milk proteins reported that many potent DPP-IV inhibitory dipeptides have been

18
identified in α-LA-derived hydrolysates, which are more abundant in CWPs (Nongonierma et
al., 2019).
2.1.2.4.3 Anti-hypercholesterolemic Properties
One of the major risks for coronary heart diseases is elevated levels of blood and dietary
cholesterol. The mechanism of hypocholesterolaemia activity of camel milk proteins is still
unclear. Many studies reported that the interaction between bioactive peptides derived from
CWPs and cholesterol result in cholesterol reduction due to the presence of orotic acid in camel
milk which is responsible for reducing cholesterol levels in human subjects and in rats (Al Haj
& Al Kanhal, 2010; Jafar et al., 2018). This means that CWPs might possess antihypercholesterolemic property that result in lowering the levels of cholesterol which is one of
the reasons for obesity. Recent studies have reported that camel milk-derived protein
hydrolysates reduce cholesterol level due to the potential of the bioactive peptides that exhibits
a great inhibitory effect towards pancreatic lipase (PL) and cholesteryl esterase (CE) which are
enzymes responsible for lipid digestion (Jafar et al., 2018; Mudgil et al., 2018). Overall, the
hypocholesterolaemia effect of camel milk is not supported with clear evidence as to the
mechanism of action and more deeper insights are needed to elucidate such an effect.
2.2 Production of Milk Powder
Traditionally, most protein ingredients are sold as a powder due to reduced transportation costs
as well as longer shelf-life. It might be better to produce the liquid protein concentrates before
drying the protein for industries that produces ingredients, finished products, and protein or
milk solids with powder (Carter et al., 2018). Camel milk is produced only in areas where
camels are raised. Thus, it is essential to discover appropriate storage condition to preserve the
physicochemical properties of camel milk so that it can be easily distributed globally and to
areas like Western countries, where camel milk is not available and to expand applications of
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camel milk (Habtegebriel, Wawire et al., 2018; Ho et al., 2019). Additionally, it is important
to design and optimize a suitable drying method, thereby resulting in desired physicochemical
properties as well as improving the techno-functional properties of camel milk powder. There
are many ways to produce CWP powder through different pre-treatments and drying methods
such as spray-drying, freeze-drying and ultrasonication processes.
2.2.1 Freeze-Drying Parameters
Most of the camel milk powder products are produced by freeze-drying (FD) (Ho et al., 2021).
In the pharmaceutical industry the FD or “lyophilization” process is the most commonly used.
FD process is when water or solvent is removed from a frozen solution by sublimation
(Harguindeguy & Fissore, 2020). It is considered as a cold process, which is useful for
producing the powder form of heat-sensitive ingredients. It it also recognized to produce a
powder with high quality, which preserves the biological value. The main advantage of this
process is that it reduces the chemical degradation reactions and retain the stability of the
product during long-term storage at ambient temperature. In contrast, it is an expensive and
time-consuming process (Teijeiro et al., 2018). Ibrahim et al. (2015) reported that the
percentage of the total protein, caseins, whey proteins, lactose and ash were significantly higher
in freeze-dried skim camel milk than freeze-dried whole camel milk. The operating conditions
such as shelf temperature, chamber pressure, processing time, gas medium, and application of
other combined technologies may interfere in different ways on the quality and properties of
milk powder produced during FD. It is important to understand how these factors may
influence product quality attributes to choose the best practices according to the desired product
characteristics (Harguindeguy et al., 2020).
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2.2.2 Spray-Drying Process Parameters
Most of CWP powders are commonly produced using spray-drying (SD) method, which can
provide a more stable product with a long shelf-life (Habtegebriel, Wawire et al., 2018; Zouari,
Schuck et al., 2020). SD has been considered the most suitable alternative method to produce
camel milk powders. Camel milk powders using SD are still at an early stage of research and
development (Habtegebriel, Wawire et al., 2018). SD is a dehydration method that works by
the rapid removal of water from small droplets exposed to a flow of hot and dry air. The
functional properties of spray-dried milk powder are preserved since moderated drying
conditions are applied (Zouari, Schuck et al., 2020). SD has become the commercial rapid costefficient method of drying for various liquid products including whey protein powder
(Habtegebriel, Wawire et al., 2018; Teijeiro et al., 2018).
There are many variables that affect the spray-drying process such as inlet temperature, outlet
temperature, drying-air velocity, the rate of feed flow, atomization pressure, and the
concentration level of milk solids. The inlet temperature and drying-air flow rate increase as
the recovery of the total solids dry powder increased. It is very critical to determine the
optimum process conditions (Habtegebriel, Wawire et al., 2018; Uscategui et al., 2018). The
physicochemical properties of camel milk powder such as powder color, solubility and yield
of powder produced by SD were affected by the direction of feed flow obtaining better results
on quality of camel milk powder (Habtegebriel, Wawire et al., 2018; Ho et al., 2019). In the
SD process, it is important to preserve the physicochemical properties and functional qualities
by using moderate drying conditions (Zouari, Schuck et al., 2020). In general, SD is a
dehydration method which involves breaking liquid into smaller droplets in the presence of hot
air chamber through an atomizing system in which it allows bulk liquid to be broken into
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individual droplets followed by evaporation and exit to the product recovery system to obtain
solid dry powder (Carter et al., 2018; Habtegebriel, Wawire et al., 2018; Moghbeli et al., 2019).
The main advantage of the SD process is that it can produce a dry powder with suitable
properties such as specific moisture content, uniform shape, and size distribution (Teijeiro et
al., 2018). The main limitation of the SD method is that it is an expensive process, reduces the
yield of the product recovery and might lead to losses in the functional and bioactive properties
of the protein because of the denaturation and aggregation caused by the dehydration that
occurs during spray-drying (Carter et al., 2018). Many studies have been reported that
increasing the inlet temperature has resulted in increased powder yield. Other studies have
found that increasing inlet temperature leads to higher denaturation of WP. Therefore, the
choice of appropriate spray-drying conditions would allow us to modulate and retain the
biological quality of the camel whey protein (CWP) and their properties in a powder format.
2.2.2.1 Effect of Spray-Drying on Physicochemical Properties of CWP
Several studies have reported the effect of SD conditions on the physicochemical properties of
CWP (Habtegebriel, Wawire et al., 2018; Ogolla et al., 2019; Sulieman et al., 2014; Zouari et
al., 2018; Zouari, Schuck et al., 2020). Denaturation of WPs is one of the phenomena that
causes changes during storage. It can affect many important physicochemical characteristics
of whey powders such as particle size, surface charge, colour, thermal behaviour, and
morphology of the particles (Nishanthi et al., 2018).
Bulk density is one of the most important physicochemical properties of milk powders as it
determines the ease transportation and handling of the powder. The bulk density is affected by
two main factors, the structure of the powder and moisture content (Ho et al., 2019). Bulk
density was reported to increase upon skimming milk due to the increase in the total solids
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level of the milk, which leads to an increase in the bulk density of the final milk powder. High
temperature leads to the release of water in the oil droplets, which results in hardening of the
milk powder. As a result, the powder particles will prevent the release of water vapors and
eventually a decrease in the bulk density takes place (Habtegebriel, Edward et al., 2018).
Particle size is also one of the physicochemical properties that affects solubility of the spraydried powders (Hudson et al., 2000). As described in the previous sections, changing the SD
conditions lead to changes in the particles size of the dried protein particles. Moreover, higher
free-fat content on the surface of the protein particle results in a larger protein particle due to
the lower ratio of (surface area: internal volume) of the protein particles (Carter et al., 2018).
Schong & Famelart. (2019) reported that dry-heated powder particles can swell when placed
in water, which results to have larger particle sizes than those in the powder format. Overall,
various physiochemical properties of SD milk powder are significantly affected by the
processing conditions of the spray-drying process.
The thermal denaturation of WPs from camel milk depends on the physicochemical properties
of the proteins (Hailu et al., 2016). The differential scanning calorimetry (DSC) showed that
CWPs were more susceptible to heat denaturation than BWPs. This has been ascribed to the
absence of β-LG in camel milk, which leads to protein denaturation at a low temperature
compared to BWP (Laleye et al., 2008; Hailu et al., 2016; Maqsood et al., 2019). The
denaturation temperature of WPC was found to be in the range of 76.9–88.9°C (Maqsood et
al., 2019). Camel α-LA is characterized by a high flexibility and greater thermostability
(Lajnaf et al., 2018). However, thermal stability of CWPs decreased at the isoelectric point due
to low solubility as a result of less electrostatic repulsion between proteins (Laleye et al., 2008).
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2.2.2.2 Effect of Spray-Drying on Techno-Functional Properties
CWPs have unique functional properties including solubility, emulsification, gelation,
thickening, foaming, and fat binding capacity. In particular, α-LA in camel whey, which is
about 21% weight, has good emulsifying and foaming properties (Prabhuzantye et al., 2019).
It was reported that aggregation in the CWPs was increased by the heat treatment at pH lower
than 5 due to the abundance of α-LA proteins (Al Haj & Al Kanhal, 2010).
Solubility is an important property for application of proteins in food products (Hudson et al.,
2000; Ho et al., 2019). The solubility is an effective parameter for evaluating the behavior of a
powder in an aqueous solution. WP solubility is mainly affected by pH value and the overall
electronegative charge. WP shows efficient solubility at low pH (Lajnaf et al., 2018). The
higher content of α-LA in CWP leads to greater sensitivity of camel whey solubility upon pH
change (Hailu et al., 2016). In addition, it was reported that solubility of camel milk powder
was affected by relative humidity (RH) conditions, the higher RH level end up with higher loss
in solubility. However, it was also reported that camel milk powder dissolved almost
completely in water after SD (Ho et al., 2019). Ho et al. (2021) reported that fresh SD camel
milk powders had a solubility of 99% in water. Habtegebriel, Edward et al. (2018) showed that
applying high temperatures during SD process can cause denaturation as well as it affects the
solubility of camel milk proteins. This indicates that it is necessary to apply moderate SD
temperatures to maintain the solubility and reduce the denaturation effect.
The ability of proteins to bind fat is one of the important techno-functional properties for food
applications as it improves mouth feel and flavour retention. Many parameters can affect fat
absorption capacity (FAC) such as protein concentration, number of non-polar sites, and
interactions among proteins, carbohydrates, and lipids (Maqsood et al., 2019). Therefore, the
hydrophobic and slightly insoluble proteins have high FAC. Protein powders with low densities
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have demonstrated improved FAC compared to high density protein powders because the small
particles of protein powder will entrap more oil. SD processing conditions can affect the
surface free-fat content of WPC, and it was shown that increased surface free-fat correlates
with increased levels of lipid oxidation compounds (Carter et al., 2018).
2.2.3 Ultrasonication Method Parameters
Ultrasound technology has been adapted and utilized for many years to modify proteins.
(Jambrak et al., 2014). Uultrasound is a technology that provides a new approach in food
processing for enhancing the functional properties of milk proteins through modifying the
structure and interaction of milk proteins. Several studies have investigated the effect of
sonication in WPC solutions to know more about the changes in the structural and thermal
properties of proteins (Jambrak et al., 2014).
Ultrasonication is based on applying a passage of low frequency of ultrasonic waves (20–100
kHz) at high power to liquid systems that causes pressure which leads to inception, growth and
collapse of micro-vapour bubbles in the sonicated liquid medium, this is called “acoustic
cavitation”. Cavitation generates high pressure and shear forces, which affects the
physicochemical properties of products (Prabhuzantye et al., 2019; Gammoh et al., 2020).
Prabhuzantye et al. (2019) reported that the most common application of ultrasonication in the
dairy industry is through the low frequency ultrasound (∼20 kHz).
2.2.3.1 Effect of Ultrasonication on Physicochemical Properties
Ultrasonication has been shown to modify the physicochemical properties of the milk proteins
and thus, its stability and functionality. It has been reported that sonication improves the heat
stability of WPC by using sonication for a short period of time of less than 5 min with a
frequency of 20 kHz for processing of WPC, which leads to a reduction in the viscosity and
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particles size (Arzeni et al., 2012). Sonication of the WPs has shown to modify the distribution
between particles by increasing the proportions of particles size (200–300 nm), which leads to
a 50% reduction of the average diameter of WP. Therefore, it results in a decreased particle
size distribution ranging from 40 to 500 nm. CWPs carried lower negative charge and the
temperature does not have much effect on the surface charge distribution. Changes in the WPs
such as denaturation, pH, storage conditions and many others might also play a role in changing
the negative charge of the protein particles. The extent of denaturation of WPC solutions
decreased when sonication was carried up to 5 min. However, increasing the sonication time
resulted in higher denaturation due to protein aggregation (Jambrak et al., 2014). Gammoh et
al. (2020) reported that after sonication, the surface charge of WPs remained constant and the
surface charge of CWPs that stabilized emulsions showed no significant difference before heat
treatment (Momen et al., 2019). Any increase of pH values above the isoelectric point of
proteins, leads to an increase in the amount of hydroxyl groups (OH– groups) on the surface
more than the H+ groups. Thus, the negative charge will be dominant on the surface of the
protein (Uscategui et al., 2018).
2.2.3.2 Effect of Ultrasonication on Bioactive Properties
Although not enough research is available in this direction, ultrasonication as a non-thermal
processing method has been reported to have significant effects on the bioactive properties of
the milk proteins. Sonication has been reported to increase the antioxidant and ACE inhibition
activity of the WPs (Leong et al., 2018; Munir et al., 2020). The use of ultrasonic technology
needs to be controlled to achieve higher yields of WPs from native protein and act as a
precursor of bioactive peptides (Prabhuzantye et al., 2019). Monteiro et al. (2018) reported an
increase in the antioxidant and ACE inhibiting capacity of chocolate milk shake which was
attributed to acoustic cavitation-induced effects on potent bioactive peptides generated during
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ultrasonication treatment. Paniwnyk (2017) reported that ultrasonication maintains more
bioactive peptides in foods during processing as well as storage. Gammoh et al. (2020) reported
that important functional and biological characteristics of camel milk WPs can be enhanced by
sonicating the samples for 45 min with sonicating power of 400 W at room temperature, in
which the DPPH radical scavenging activity of the sonicated camel WPs was 31.79%, whereas
non-sonicated camel WPs showed 0.98%. Hence, US treatment of milk protein as well as the
whey proteins produced by hydrolysis or digestion of milk protein with ultrasound has potential
to improve its bioactive properties, while maintaining the other physical, chemical, and
nutritional characteristics.
2.2.4 Camel Milk Powder
Research on producing camel milk powder has recently started taking place. Ho et al., (2019)
produced the camel milk powder using spray-drying with inlet temperature of 160°C and the
inlet compressed air atomiser was adjusted at kPa. 40. Changes in the protein’s secondary
structure were observed during the storage of camel milk protein powders at 37°C for 3, 6, 9,
12, 15, 18 weeks at three different relative humidity percentages (11, 22, 33%) and reported
that camel milk powders displayed negligible crystallisation and resulted in lower changes in
powder morphology during storage. Table 3 presents the composition of freeze-dried and
spray-dried of whole and skim camel milk powders. Increasing the inlet temperature while
spray-drying of skimmed camel milk increased the bulk density of the resulting camel milk
powder (Habtegebriel, Edward et al., 2018). It was observed that for all samples spray-dried
under similar operating conditions, camel milk powders were higher in bulk densities than
bovine milk powders. The true density values of SD camel milk powders were in a range of
3

1.238–1.275 g/cm . The SD camel milk powders exhibited spherical shape particles with
variation in size and wrinkled and folded surface when viewed through a scanning electron
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microscope. However, the surface of the protein powders displayed some scratches and large
gaps containing fine dried milk particles (Ho et al., 2019). SEM images of spray-dried whole
cow milk powders showed fine and smooth particles than skimmed milk powders counterparts
due to the higher content of fat (98.1%) (Habtegebriel, Edward et al., 2018). Nishanthi et al.,
(2018) reported that the surface charge behavior of WPC powder was negative at the start of
storage, then it became positive until it reached the maximum and after that it subsequently
decreased. Overall, the production of whey proteins using SD is considered a potential
technique due to its ability to produce whey proteins with small particle size, considerably
stable particles owing to the particle’s surface characteristics, and improved bulk density which
could improve the whey protein’s bioavailability and have enhanced physicochemical, technofunctional, and bioactive properties. However, SD of camel milk powders is considered at an
early stage of research and development and indeed requires further investigations to validate
the claimed impressments achieved by SD of camel milk (Ho et al., 2021). The aim of this
study was to produce CWP from camel milk using SD at different inlet temperatures (170, 185,
and 200°C) to investigate the effect of the inlet temperature on the properties mentioned above.
Additionally, this study investigated the effect of ultrasonication of the isolated CWP for 5, 10,
and 15 min with an US powder of 300W on the physicochemical, techno-functional, and
bioactive properties and validate the potential of utilizing SD and ultrasonicated CWP powders
as a functional ingredient in the food industry.
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Table 3: The composition analysis of the spray-dried and freeze-dried whole and skimmed
camel milk powders
Component
Spray-dried
whole camel
milk powder
Spray-dried
skim camel
milk powder
Freeze-dried
whole camel
milk powder
Freeze-dried
skimmed
camel milk
powder
Spray-dried
whole camel
milk powder
Spray-dried
skimmed
camel milk
powder

Fat%

Proteins
%

Lactose
%

Total
solids%

Ash%

81.6 ± 4.1

17.5 ± 0.9

0.8 ± 0.1

-

0.0 ± 0.0

22.3 ± 1.1

59.0 ± 2.9

17.7 ± 0.8

-

1.1 ± 0.1

25.63 ±
1.58

26.13 ± 1.0

36.57 ± 3.0

96.73 ±
0.85

7.20 ±
0.20

(Ibrahim et
al., 2015)

2.03 ± 0.67

33.93 ±
0.55

50.47 ±
1.42

95.80 ±
1.01

9.27 ±
0.15

(Ibrahim et
al., 2015)

23.17 ±
0.29

24.59 ±
0.01

43.57 ±
0.91

10.20 ±
0.02

-

(Ho et al.,
2019)

29.06±-

31.6±0.01

29.6±0.01

96.07±0.07

-

(Habtegebriel
, Wawire et
al., 2018)

References
(Zouari,
Schuck
et al., 2020)
(Zouari,
Schuck
et al., 2020)
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Chapter 3: Material and Methods

3.1 Materials
Fresh camel milk was attained from a local farm situated in Al Ain, United Arab Emirates. The
6-hydroxy-2,5,7,8-tetramethylchromane-2-carboxylic acid (Trolox), 2,4,6-Tris (2-pyridyl)-striazine (TPTZ), 2, o-phthaldialdehyde (OPA), [3-ethylbenzthiazoline sulfonate (ABTS), 2,2diphenyl-1-picrlthydrazyl (DPPH), dipeptidyl peptidase-IV (DPP-IV), α-amylase (from
porcine pancreas), lipase (from porcine pancreas), and other used chemicals were purchased
from Sigma Aldrich (St. Louis, MO, USA). All the chemicals and reagents used in the present
study were of analytical grade.
3.2 Preparation of Camel Whey Proteins
Raw milk from different camels were used in the present study. After arrival in the laboratory,
the raw milk samples were stored at 4oC and processed not later than 2 hrs. Whey proteins were
isolated from camel milk according to the previous method described by Jafar et al. (2018)
with some modifications. Camel milks were skimmed two times through centrifugation at 4200
× g, for 15 min at 10°C, and the resulting skimmed camel milk was subjected to acid
precipitation by adjusting the pH at 4.0 using HCl 6 M, and then stored overnight at 4°C. Milk
samples were afterwards centrifuged at 4200 × g, for 15 min at 4°C to separate the whey from
caseins. This step was repeated twice to remove as much as possible casein particles.
subsequently, samples were centrifuged at 10538 × g, for 15 min at 4°C for further separation
of whey and caseins. The whey proteins were frozen at −20°C for further processing.
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3.3 Production of Camel Whey Protein Concentrate (CWPC) Using Spray-Drying
The camel whey protein concentrate (CWPC) was produced by freeze-drying (as control) and
spray-drying processes. In brief, freeze-drying was carried out on previously frozen CWPC at
-80°C using a Telstar Freeze-dryer (Terrassa, Spain) at 0.01 mbar. Spray-drying process was
performed by using a spray dryer (Armfield, UK.), and the following operational conditions
were adopted (Habtegebriel, Edward et al., 2018): three different inlet temperatures of 170,
185 and 200°C were explored, outlet temperature of 70°C with a solid feed rate of 20%, relative
humidity around 8.5%, drying air flow rate of 7.5 m3/min, and atomization pressure of 0.52
MPa that was maintained constant throughout the drying experiment. The milk powder yield
was calculated from the cyclone (cyclone recovery), and from the freely-flowing powder,
which was collected at the lower conical section of the drying chamber (total recovery). The
dried protein powders were collected in Mylar bags (TF-4000, Impak Crop., Central City, SD;
∼1 kg per bag) and stored at -20°C for further analysis within 6 weeks after storage.
3.4 Treatment of CWPC by Ultrasonication
Ultrasonication (US) of CWPC was carried out according to the method of Ahmadi et al. (2017)
with slight modifications in a bath-type ultrasonicator EGS5HD, EngeSolutions, São PauloSP, Brazil). Thus, a 10% CWPC solution in deionized water was subjected to US treatment (20
kHz) for 0, 5, 10 and 15 min at 300 W. The temperature of the samples was kept below 25°C
using an ice-water bath in order to prevent any further heat generation due to sonication. The
obtained US-treated samples were freeze-dried for long-term preservation and investigated for
their techno-functional and bioactive properties.
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3.5 Determination of Physicochemical Properties of CWPC
3.5.1 Color Analysis
The color of samples was determined following the method previously reported by Ho et al.
(2019) using a Chroma meter (CR-400, Konica Minolta, USA). Thus, the CWPC powders were
spread on a transparent dish and the color space of L*a*b* was measured, where L*, a*, and
b* indicate the lightness/darkness, red/green, and the yellow/blue coordinates, respectively.
Prior to the measurements, the Chroma meter was calibrated with standard plate, and whiteness
of CWPC powders was calculated using the following equation:
3.5.2 Particle Size and Surface Charge Distribution
Zeta potential and particle size distribution were evaluated following the method described by
Ahmad, Gani et al. (2019) using a Zeta-sizer (Nano S, Malvern Instruments, Worcestershire,
U.K.). For zeta potential measurement, the CWPC samples (0.01%) were suspended in 0.1 mM
KCl, and pH of the mixture was adjusted to 6.0, then samples were allowed to equilibrate
overnight before measurement.
3.6 Determination of Techno-Functional Properties of CWPC Powders
3.6.1 Protein Solubility in Water
Solubility of CWPC samples was determined based on the method as previously described by
Al-Shamsi et al. (2018) and modified by Maqsood et al. (2019). Briefly, 200 mg of each freezedried and spray-dried CWPC samples were dispersed in 20 mL of deionized water, completely
solubilized by vortexing followed by centrifugation at 7500 ×g (25°C) for 15 min. The protein
solubility was expressed as protein content (mg of protein/g of sample) in the supernatants,
which was estimated using the Biuret method (Liu & Pan, 2017).
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3.6.2 Fat Absorption Capacity (FAC)
The FAC was evaluated as previously described by Maqsood et al. (2019). A small amount of
(100 mg) of each freeze-dried and spray-dried CWPC samples was mixed with 1000 μL of
sunflower oil using a vortex for 1 min. The protein in oil suspensions were centrifuged at
13,600 ×g for 30 min at 25°C. The supernatants were decanted, and the tubes were drained at
45° for 1–2 min. Fat absorption capacity for samples was calculated using the below mentioned
formula:

Fat Absorption Capacity (FAC%) =

Weight of oil absorbed
Weight of protein sample

× 100

3.6.3 Emulsifying Activity Index (EAI)
The EAI of the different CWPC powder samples was investigated as previously described by
Al-Shamsi et al. (2018). Briefly, 300 mg of each freeze-dried and spray-dried CWPC samples
were mixed with 30 mL of deionized water (1% protein equivalent, w/v), adjusted to pH 7.0
and 10 mL of sunflower oil were added. The mixtures were homogenized using an ultra-turrax
homogenizer (Janke & Kunkel, Ultra-Turrax T25, Staufen, Germany) at 20,500 rpm for 1 min.
Subsequently, an aliquot of 50 μL of the emulsion was taken from the bottom after 0 and 10
min and was mixed with 5 mL of 0.1% sodium-dodecyl sulphate (SDS) solution. The
absorbance of the diluted emulsions was measured at 500 nm using a spectrophotometer
(Varian Cary® 50 UV–Vis, USA). The EAI of the different CWPC samples was calculated
using the following formula as stated by Pearce & Kinsella (1978):
EAI (m2/g) =

2×2.303×A0
0.25×protein weight (g)

Where A0 is the absorbance of the sample taken after homogenization.
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3.6.4 Foaming Capacity (FC)
The foaming capacity (FC) of the freeze and spray-dried CWPC powder samples was estimated
according to the method reported by Maqsood et al. (2019). A small amount (50 mg) of each
freeze-dried and spray-dried samples was mixed with 50 mL of distilled water (1% protein
equivalent, w/v), and the pH was adjusted to 2.0, 4.0, 6.0, 8.0, and 10.0 using a digital type of
pH meter (Ohaus starter ST3100-B, NJ, USA). The solutions were transferred to 100-mL
graduated cylinders and whipped using an ultra-turrax homogenizer at 13,500 rpm for 3 min.
The total sample volume before and after whipping was measured and FC (%) was calculated
as follows:

Foam Capacity (FC%) =

(Volume after whipping − Volume before whipping) ml
(Volume before whipping) ml

×100

3.7 Characterization of CWPC
3.7.1 SDS-PAGE
The identification of the protein fractions generated from treated and control CWPC samples
was carried out according to the method described by Maqsood et al. (2019) by SDS–PAGE in
a Mini-PROTEAN 3 Electrophoresis System (Bio-Rad Laboratories, Inc., USA). Protein
model solutions of 10 mL volume were dialyzed against phosphate buffer (10 M, pH 7.0) and
finally against deionized water. Each sample was incubated with the sample buffer (12.5 mL
1.5 M Tris pH = 8, 10 mL glycerol, 0.5 g SDS, 0.25 mL 2-mercaptoethanol, and 0.5%
bromophenol blue solution) at a 1:1 ratio at 100°C for 3 min and then loaded into the SDSPAGE gel. The gels were visualized, and images were captured using Gel Doc + Gel
documentation system (Bio-Rad) under visible light.
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3.7.2 Fourier-Transform Infrared Spectroscopy (FTIR)
Infrared absorbance spectra of CWPC samples were determined using a FTIR Spectrometer
equipped with an Attenuated Total Reflectance (ATR) Spectrum 100 (PerkinElmer Ltd,
Beaconsfield, UK). in the spectral range frequencies of 4000-400 cm-1. For each spectrum, 32
scans of interferograms were averaged and the spectral resolution was 4 cm-1.
3.7.3 X-Ray Diffraction (XRD) Analysis
The crystallographic structural analysis was carried out by using an X-Ray diffractometry Lab
X–XRD–6100 (Shimadzu Corp, Japan), under the following operating conditions: X-Ray line
of λ = 1.5418 Å, voltage of 40 kV and accuracy of 30 mA. The powdered samples were loaded
into an aluminium plate and X-ray diffraction profiles were obtained for 2θ ranging from 10°
to 50° with scanning rate of 0.02/min. The relative crystallinity (RC) was calculated as
described by Rabek (1980) using the following equation:

RC (%) =

Ac
(Ac+Aa)

×100

Where Ac is crystalline area; Aa is the amorphous area on the X-Ray diffractogram.
3.7.4 Scanning Electron Microscopy (SEM)
Microstructural features of the treated and control CWPC were monitored by using a JEOL
JSM- 6010LA scanning electron microscope (SEM, Akishima, Tokyo, Japan) at 1,500 x
magnification.
3.7.5 Reverse-Phase Ultra Performance Liquid Chromatography (RP-UPLC)
The different CWPC powders from the current study were analyzed for whey protein profile
by RP-HPLC (Thermoscientific, Germering, Germany). The proteins separation was carried
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out on the reversed-phase C18 column (Acquity UPLC BEH Shield RP18 1.7 μm, 2.1 x
100mm) (Waters, Ireland) as previously described by Jafar et al. (2018).
3.7.6 Degree of Hydrolysis (DH)
The degree of hydrolysis (DH) was evaluated using the o-phthaldialdehyde (OPA) method as
described by Kamal et al. (2018). In brief, the produced CWPC powders were mixed with
freshly prepared OPA reagent, then the absorbance of the mixture was taken at 340 nm to
determine the amount of free amino nitrogen. A standard curve was generated using tryptone
to estimate the content of free amino acid, and % DH was calculated using the following
equation:

Dgree of hydrolysis (%) =

Absorbance(Hydrolysates intact protein)
× 100
Absorbance (intact protein)

3.8 Bioactive Properties of CWPC
3.8.1 In-vitro Antioxidant Properties
3.8.1.1 2,2ʹ-Azino-bis, 3-ethylbenzothiazoline-6-sulphonic acid (ABTS) Radical
Scavenging Activity
The ABTS radical scavenging activity was determined according to the method described by
Maqsood & Benjakul (2010). For ABTS reagent stock solution preparation, ABTS solution
(7.4 mM) and potassium persulphate solution (2.6 mM) were mixed and incubated at room
temperature in the dark for 12 h. The ABTS reagent working solution were prepared by diluting
the stock solution using methanol 99.7% until reaching a final absorbance of 1.1. In a 96 well
microplate, 180 µl of the prepared reagent working solution was mixed with 20 µl of CWPC
sample and then incubated in an incubator set at 37°C for 30 min. The absorbance of the
mixture was read at 734 nm using a microplate reader (Epoch 2, BioTek, VT, USA). Blank

36
sample was prepared similarly to the above-mentioned steps except methanol was used instead
of the reagent. A standard curve was constructed using Trolox with concentration ranging from
50 to 600 µM. The obtained results were expressed as Trolox equivalent antioxidant activity
(mM TE/g protein).
3.8.1.2 2,2-diphenyl-1-picrylhydrazyl radical scavenging activity (DPPH) Radical
Scavenging Activity
The DPPH radical-scavenging activity was evaluated as described by Binsan et al. (2008). For
this, in a 96 well microplate, 100 µl of the CWPC sample were mixed with 100 µl of 0.15 mM
DPPH reagent powder dissolved in 95% ethanol. The mixture was incubated at 37°C for 30
min, then the final absorbance was recorded at 517 nm using a microplate reader (Epoch 2,
BioTek, VT, USA). Blank sample was prepared using deionized water instead of DPPH
reagent, and a standard curve was prepared using Trolox in the range of 10–60 μM. The
obtained results were expressed as Trolox equivalent antioxidant activity (mM TE/g protein).
3.8.1.3 Ferric Reducing/Antioxidant Power (FRAP Assay)
The reducing ability of CWPC was measured following the method described by Al-Shamsi et
al. (2018). For FRAP reagent preparation, 300 mM sodium acetate buffer (pH 3.6),20 mM
FeCl3.6H2O, and 10 mM 2,4,6-tripyridyl-s-triazine (TPTZ) were mixed at a ratio of 10:1:1
(v/v). An aliquot (10 µl) of CWPC samples was mixed with 180 µl of FRAP reagent in a 96
well microplate, then the mixture was incubated at 37°C for 30 min. The absorbance of the
samples was read at 593 nm in a microplate reader (Epoch 2, BioTek, VT, USA), and blank
sample was prepared using deionized water instead of the ABTS reagent. FRAP values were
calculated based on a Trolox standard curve (10-60 mM), and expressed as Trolox equivalent
(mM TE/g protein).
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3.8.2 In-vitro Anti-Diabetic Properties
3.8.2.1 Inhibition of 𝛼𝛼-Amylase
The 𝛼𝛼-Amylase inhibition was analyzed based on the methodology previously described by
Chinedum et al. (2018) with slight modifications. In a 96 well microplate, 25 µl of CWPC
samples were mixed with 50 µl of 5 mM p-nitrophenyl-α-D-maltohexaoside (pNPM) and 50
µl of 5 mg/ml porcine pancreatic AA enzyme. The mixture volume was completed to 250 µl
using 0.02 M sodium phosphate buffer (pH 6.9), and the resulting mixture was afterwards
incubated at 37°C for 90 min. A control sample was prepared without CWPC samples
considered as a 100% enzyme activity, and the absorbance was read at 405 nm using a
microplate reader (Epoch 2, BioTek, VT, USA). Moreover, a blank sample was prepared to
remove the background absorbance of the CWPC samples, and acarbose was used to serve as
a positive inhibition control. Triplicate measurements were carried out and 𝛼𝛼-Amylase
inhibition % was calculated as follows:

𝛼𝛼-Amylase inhibition (%) = [1- {

A sample − A blank
A test − A control

} ]×100

The required concentration of CWPC samples to inhibit 50% (IC50) of α-amylase activity was
determined by plotting the percentage inhibition as a function of the test compound
concentration, and the IC50 values were expressed as µg protein /ml.
3.8.2.2 Inhibition of 𝛼𝛼-Glucosidase
The 𝛼𝛼-glucosidase inhibition was assessed according to the method described by Kamal et al.
(2018), and triplicate measurements for each sample was carried out. Briefly, 80 μL of CWPC
samples were mixed with 100 μL of 10 mM 4-nitrophenyl-β-d-glucopyranoside (pNPG)
solution (dissolved in 0.1 M phosphate buffer, pH 6.8) in a 1.5-mL centrifuge tube, and 20 μl
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of 1 U/ml enzyme solution was added to start the reaction carried out at 37°C for 10 min. After
10 min incubation time, 200 μl of the reaction mixture were withdrawn and added to a 96 well
plate. The release of p-nitrophenol from pNPG was measured at 405 nm, and to calculate the
inhibition percentage of 𝛼𝛼-glucosidase inhibition (%) the following equation used:

𝛼𝛼-Glucosidase inhibition (%) = [1- {

A sample − A blank
A test − A control

} ]×100

The required concentration of CWPC samples to inhibit 50% (IC50) of 𝛼𝛼-glucosidase activity
was determined by plotting the percentage inhibition as a function of the test compound
concentration, and the IC50 values were expressed as µg protein /ml.
3.8.2.3 Inhibition of DPP-IV
The DPP-IV inhibitory activity was measured based on the method described by Mudgil et al.
(2018). Herein, in a 96 well microplate, 25 µl of CWPC samples were mixed with 50 µl of 0.5
mM Gly-Pro-p- nitroanilide reaction substrate, 25 µl of DPP-IV (8 U/ l), and 100 µl of 0.1 M
Tris-HCl buffer (pH 8.0). The mixture was then incubated at 37°C for 90 min, and the
absorbance of the released p-nitroanilide was read at 405 nm using a microplate reader (Epoch
2, BioTek, VT, USA). Similarly, control and black samples were prepared as above-mentioned
in sections 3.7.2.1 and 3.7.2.2. Diprotin (Ile-Pro-Ile) was used as a positive inhibition control,
and each sample was analysed in triplicates. The DPP-IV inhibition rate was calculated as:

DPP-IV inhibition (%) = (1-

A (sample)−A (sample blank)
A (positive control)−A (negative control)

)×100

The required concentration of CWPC samples to inhibit 50% (IC50) of DPP-IV activity was
determined by plotting the percentage inhibition as a function of the test compound
concentration, and the IC50 values were expressed as µg protein /ml.
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3.8.3 In-vitro Anti-hypercholesterolemic Properties
3.8.3.1 Pancreatic Lipase (PL) and Cholesteryl Esterase (CE) Inhibition
The pancreatic lipase (PL) and cholesteryl esterase (CE) inhibition activities were evaluated
for CWPC samples as previously reported by Mudgil et al. (2018). Thus, CWPC powder
samples were mixed with 50 µL of substrate prepared by dissolving 5 mM p-nitrophenyl
butyrate in 100 mM sodium phosphate buffer and 100 mM NaCl solution. An aliquot (50 µL)
of 5 g/ml of CE was added and the final mixture was incubated at 37°C for 30 min. Then, 1 M
HCl was added to the mixture to stop the reaction, and the absorbance was read at 405 nm in a
microplate reader (Epoch 2, BioTek).
Regarding the PL inhibitory activity, 50 µl of CWPC samples were mixed with sodium
phosphate buffer solution containing 20 µl of PL and 25 µl of p-nitrophenyl butyrate. The final
volume was completed to 150 µl using sodium phosphate buffer, incubated at 37°C for 30 min,
and subsequently, the absorbance was read at 405 nm.
The enzymes inhibition was calculated using the equation:

Enzyme inhibition (%) = 1 −

Absorbance reaction − Absorbance reaction blank
Absorbance control − Absorbance control blank

3.9 Statistical Analysis
The SD and US treatments of CWP were carried out in three batches and the experimental
analyses were conducted in triplicate (n=3). All data were subjected to Analysis of Variance
(ANOVA) and the differences between means were evaluated by Duncan’s Multiple Range
Test. SPSS statistics software (SPSS, 1.2, Version 10.0) was used for data analysis.
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Chapter 4: Results and Discussion

4.1 Determination of Physicochemical Properties in CWPC Powders
4.1.1 Color
Color measurement (L*, a*, and b* values) of control, US, and SD samples is presented in
Table 4. It can be concluded from the results that there was a significant difference (P > 0.05)
observed in L*, a*, and b* values among SD samples, US treated samples, and freeze-dried
CWP (control) samples, while there was no significant difference observed between the US
treated sample and control sample. In general, L* values indicate lightness/darkness coordinate
which means if the value is 100, the color is white, and if the value is 0, the color is black
(Sulieman et al., 2014; Kashaninejad & Razavi, 2020) while a* values indicate redness (+) or
greenness (−) and b* values indicate yellowness (+) or blueness (−) (Ho et al., 2019; Oussaief
et al., 2020). Previous studies have reported that the whitish color of camel milk is linked to
the presence of small-sized fat globules and lower carotene content (Al Haj & Al Kanhal, 2010;
Momen et al., 2018; Izadi et al., 2019; Deshwal et al., 2020). L* values of SD samples (95.295.92) were higher when compared to the control (91.57) and US treated samples (87.3289.89). Whereas, the a* values (0.89-0.97) and b*values (2.89-2.92) of SD samples were lower
than US treated samples with a* values between 0.43-0.67 and b* values between 9.7-10.67,
confirming that a more green color was observed in the SD samples, and a more yellowish
color was observed especially in the US-treated samples (Table 4). The observed difference in
the color of samples can be linked to the type of treatment that has been used for each sample.
A previous study reported that the L*, a*, and b* values of SD camel milk at 200°C were 97.73,
-1.08, and 7.9, respectively (Sulieman et al., 2014). Raising the temperature above 170°C
during SD of samples slightly decreased the L* and b* values of powders, which can be
observed in the values presented in Table 4. A previous study reported that during SD of camel
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milk powder at 110°C, 120°C, and 130°C, the inlet drying temperature had a significant effect
on decreasing the L* value of dried samples (Ogolla et al., 2019). Increasing the US treatment
time from 5 to15 min did not have a significant effect on L*, a*, and b* of the treated CWP
powder when compared to the control sample. Sert et al. (2021) reported that sonication of
skim milk concentrates had affected color values in terms of L*, a*, and b* when subjected to
sonication treatment at a gradual increase of time from 5 to 60 min. The results showed an
increase in L* and b* values from 5-60 min samples (78.21- 81.2) and (10.14- 13.92)
respectively, while it decreased for a* value from 5-60 min samples (-6.08- -7.91). In this study,
the obtained values of L*, a*, and b* generally indicated that CWP powders for control and
US powders were yellower than SD powders whereas the SD samples were whiter than control
and US treated samples.
Table 4: Color values of the ultrasonicated (US) and spray-dried (SD) CWP powders
Samples

L*

a*

b*

Control
US-5
US-10
US-15
SD-170
SD-185
SD-200

91.57 ± 0.01b
89.6 ± 1.13bc
87.32 ± 3.58c
89.89 ± 0.44bc
95.92 ± 0.26a
95.52 ± 0.38a
95.2 ± 0.49a

-0.17 ± 0.004a
-0.67 ± 0.243bc
-0.64 ± 0.297bc
-0.43 ± 0.081ab
-0.93 ± 0.022c
-0.97 ± 0.041c
-0.89 ± 0.034c

8.64 ± 0.049b
9.7 ± 0.761ab
10.19 ± 0.704ab
10.67 ± 1.429a
2.92 ± 0.24c
2.91 ± 0.1c
2.89 ± 0.064c

Control: freeze-dried CWP; SD: spray-dried samples at 170°C (SD-170), 185°C(SD-185), and
200°C (SD-200); US: Sonicated samples for 5 mins (US-15), 10 mins (US-10), and 15 mins
(US-15). Values are expressed as mean± SD.

4.1.2 Particle Size Distribution and Zeta potential in CWPC Powders
Particle sizes of control, US, and SD CWP samples are presented in Table 5. Control CWP
sample displayed a bimodal size distribution with two intensity peaks centered around 82 nm
and 468 nm, respectively, and with z-average diameter and polydispersity index (PDI) of 878.3
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nm and 0.849, respectively. CWP powder samples treated with US showed a significant
decrease in particle size compared to the control sample (878.3 nm). When the samples were
treated at 5, 10, and 15 min with constant US power of 200 W at 20 kHz, a bimodal size
distribution with the intensity peaks around (78 nm and 441 nm), (53 nm and 290 nm), and (44
nm and 255 nm), respectively, and with z-average diameter and PDI of 778.3 nm and 0.892,
466.1 nm and 0.469, and 360.8 nm and 0.692, respectively was reported. A previous study
reported that treatment of camel milk casein and whey particles with US probe for 45 min at
400 W resulted in a 50% reduction in the average particle diameter (Gammoh et al., 2020).
Another study reported that treating WP at a 20 kHz US probe for 15-30 min decreased the
particle size (Jambrak et al., 2014). The obvious decrease of particle size of WP after sonication
can be linked to the cavitation phenomenon in which hotspot temperature and pressure is
released where the bursted cavitation bubbles were located and this high temperature and
pressure are capable of breaking-down polymers and particles. For the surface charge, there
was no significant difference between CWP samples treated with US compared to the control
sample (-18.7 mV). All the samples had particle charge in the range of -18.3 mV to -21.5 mV,
except US-treated sample at 15 min which showed charge values of -21.6 mV. A previous
study reported that treating WPI from bovine with US for 20 min at 20% amplitude achieved
a significant increase in the zeta potential from -14.9 mV to -27.94 mV (Shen et al., 2017).
Regarding CWP samples dried using SD at 170°C, 185°C, and 200°C exhibited a noticeable
reduction in particle size compared to the control sample. SD samples displayed a trimodal size
distribution with three intensity peaks around (47 nm, 348.2, and 5341 nm), (24.26 nm, 319.0,
and 5017), and (38 nm, 373.1 nm, and 4799 nm), respectively. The average particle size and
PDI of SD samples processed at 170°C, 185°C, and 200°C outlet temperature was (400.0 nm
and 0.447), (215.1 nm and 0.643), and (352.7 nm and 0.426), respectively. A previous study
has reported that during SD of skimmed camel milk at 160°C, 180°C, and 200°C a decrease in
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the particle size was noticed with increase in the SD temperature with values of 12.6 µm, 9.2
µm, and 8.8 µm, respectively, which confirm that temperature have a significant effect in
decreasing the particle size during SD treatment (Zouari et al., 2021). Park et al. (2014)
reported that SD BWP concentrated at 180°C achieved a lower particle size of 36.8 µm when
compared to 200°C and 220°C with particle sizes of 41.0 µm and 41.7 µm which are in lined
with results obtained in this study as SD at 180°C achieved lower particle size than SD at
200°C. The surface charge of spray-dried CWP at 170°C (-18.6 mV), 185°C (-21.6 mV), and
200°C (-17.2 mV) showed no significant difference when compared to the surface charge of
the control sample (-18.7 mV), whereas, there was no significant difference observed between
CWP samples treated with US compared to control sample which all having particle charge in
the range of -18.3 mV to -21.5 mV, with -21.6 mV belong to US-treated sample for 15 min. A
previous study reported that SD concentrated (28%) camel milk at 190°C yielded powder with
more surface hydrophobicity than powders produced by SD at 200°C and 210°C (Perusko et
al., 2021). Overall, both sonicated and spray-dried CWP showed a significant reduction in
particle size compared to the freeze-dried CWP sample. Sonicated CWP displayed a bimodal
size for particle distribution, whereas spray-dried CWP displayed a trimodal size particle
distribution. Spray-dried CWP samples exhibited the highest reduction in particle size and
better size distribution within all tested samples.
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Table 5: Particle size (z-average), polydispersity index (PDI) and zeta potential for the
ultrasonicated (US) and spray-dried (SD) CWP powders
Samples

Z-average (nm)

Control
SD-170
SD-185
SD-200
US-5
US-10
US-15

878.3 ± 10.9a
400.0 ± 15.5d
215.1 ± 6.4f
352.7 ± 10.7e
778.3 ± 21.3b
466.1 ± 14.1c
360.8 ± 4.2e

Poly dispersity
index (PDI)
0.692 ± 0.021c
0.447 ± 0.032d
0.643 ± 0.048c
0.426 ± 0.053d
1.000 ± 0.000a
0.849 ± 0.011b
0.469 ± 0.035d

Zeta potential
(mv)
-18.7 ± 0.9ab
-18.6 ± 1.3ab
-21.6 ± 0.7b
-17.2 ± 1.8a
-18.3 ± 0.6ab
-18.9 ± 1.4ab
-21.5 ± 2.3b

Control: freeze-dried CWP; SD: spray-dried samples at 170°C (SD-170), 185°C(SD-185), and
200°C (SD-200); US: Sonicated samples for 5 mins (US-15), 10 mins (US-10), and 15 mins
(US-15). Values are expressed as mean± SD.

4.2 Techno-Functional Properties of CWPC Powders
The techno-functional properties of a protein are generally influenced by various factors that
are classified into two groups, intrinsic and extrinsic factors. The intrinsic factors that affect
the techno-functional properties are the sequence and composition of amino acid, the ratio
between hydrophobicity/hydrophilicity, the size and shape of the protein, and conformation
and reactivity. Extrinsic factors include pH, temperature, ionic strength, processing conditions,
and method of extraction (Barać et al., 2015; Maqsood et al., 2019). In this study, the UStreated CWP and SD CWP samples were analyzed to assess the effect of such processes and
treatments on the techno-factional properties. The effect of US treatment and SD on the
emulsifying activity index (EAI), fat absorption capacity (FAC), protein solubility, and
foaming capacity (FC) of CWP are discussed below and presented in Figure 1, Figure 2, Figure
3, and Figure 4.
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4.2.1 Protein Solubility in Water
The protein solubility is an important functional attribute that influences several functional
properties such as gelation, emulsification, and foaming. As shown in Figure 1 all samples
show significantly high protein solubility (P < 0.05). Sonicated CWP samples treated for 15
min showed the highest protein solubility (100%), which is significantly higher than US
samples for 5 min and 10 min, respectively (Figure 1). SD samples at 170°C had a solubility
of 94.7%, further increasing the SD temperature to 185°C and 200°C, slightly reduced the
solubility of the dried CWP as shown in (Figure 1). Moreover, US-treated sample for 15 min
and the dried sample at 170°C had higher protein solubilities when compared to the freezedried CWP (control), that had a protein solubility of 92.71% (Figure 1). A previous study
reported that reducing the molecular weight of the protein has increased the protein
hydrolysates solubility (Al-Shamsi et al., 2018). Deshwal et al. (2020) reported that SD whole
and skim camel milk powder at 170°C had solubilities of 65.47% and 72.96%, respectively
and claimed that SD camel milk powders had significantly lower solubility than the freezedried sample as freeze-dried whole camel milk powder had 88.77% protein solubility. This
claim is both against and in agreement with the results obtained in this study, as treating CWP
with US for 5-10 min and SD the CWP at 185°C and 200°C had produced samples with protein
solubility lower than the control (freeze-dried CWP) while increasing the US treatment to 15
min and adjusting the inlet SD temperature at 170°C have significantly increased the solubility
of the CWP to surpass the control sample. Another previous study reported that SD of 2.4%
camel milk at 160°C produced camel milk powder with 98.62% protein solubility (Ho et al.,
2019). Zouari, Schuck et al. (2020) reported that spray-dried camel milk at 180°C had a protein
solubility of 96.2% which is close to the protein solubility achieved in this study by SD CWP
at 170°C (94.7%). Perusko et al. (2021) also reported that increasing the SD temperature from
170°C to 250°C maximized the loss of solubility of camel milk protein, which supported the
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results obtained in this study that spray-dried CWP samples at 170°C had higher protein
solubilities when compared to spray-dried samples at 185°C and 200°C, respectively (Figure
1). A previous study reported that US treatment of bovine WPC for 1 min at 31 W slightly
retained the solubility of the samples around 90% after 60 days of storage at 25°C, while nonsonicated bovine WPC stored under the same conditions exhibited solubilities around 50%
(Chandrapala et al., 2014). A study performed by Yanjun et al. (2014) on bovine milk protein
concentrates that have initial solubility of 35.78% reported that US treatment of the samples
for 5 min then SD of the sonicated samples at 130°C have significantly increased the sample’s
solubility to 88.30%. This significant increase in solubility after US treatment is attributed to
the ability of US to break down the static interaction between COO- and NH-2 located on the
surface of the protein and cause more protein dispersion, which subsequently improves the
solubility. Results of this study showed that US treatment of CWP samples for 15 min exhibited
the highest protein solubility (100%) since US treatment generates more peptides that can have
exposed hydrophilic groups and thus display an increase in the solubility of the powder. Further
increasing the SD temperature from 185°C to 200°C showed slightly reduced the solubility (P
> 0.05), as the dried CWP particle size produced after SD at 200°C was higher than the particle
size of powder produced at 185°C.

47

120

Protein Solubility (%)

100

a

b

b

b

b

SD-170

SD-185

SD-200

c

80

d
60
40
20
0
Control

US-5min

US-10min

US-15min

Samples

Figure 1: Protein solubility of ultrasonicated (US) and spray-dried (SD) CWP samples. Values
presented are mean ± standard deviation (n=3). Different letters on the different bars indicates
that there is a significant difference (P < 0.05). For keynotes, please see footnote of Table 4.

4.2.2 Fat Absorption Capacity (FAC)
The protein’s ability to absorb fat and form strong interactions with oils in emulsions is
considered a valuable attribute that can be utilized in food formulations. There are many factors
that affect the protein’s FAC such as the quantity of protein used, protein-lipid-carbohydrate
interactions, and the number of nonpolar sites (Al-Shamsi et al., 2018; Maqsood et al., 2019).
Kinsella & Melachouris. (1976) reported that protein powders with low density and small
particles have improved FAC since the increased protein surface area will entrap more volumes
of oil than protein powder with big particles and high density. In this study, treating CWP with
US for 5, 10, and 15 min had a negative effect on the FAC of the sonicated samples. The
obtained FAC values were 1197.5, 1230.8, and 1251.3 mg/g, respectively which is lower than
the FAC of freeze-dried samples (control) that had a FAC of 1612.0 mg/g (However, a previous
study that treated bovine WPI using US has reported that the sonication has exponentially
improved the oil holding capacity (OHC) of treated samples (Liu et al., 2012). Maqsood et al.
(2019) also reported that the FAC of freeze-dried skimmed CWP samples collected from four
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different camel breeds ranged from 1617.70-1811.26 mg/g. SD the CWP at 170°C, 185°C, and
200°C have produced powders that have very comparable but lower FAC values (1531.8,
1591.7, and 1605.8 mg/g, respectively) when compared to the FAC of the freeze-dried samples
(Figure 2). Freeze-dried whole camel milk samples had FAC of 1850 mg/g, while spray-dried
skimmed and whole camel milk at 170°C had FAC values of 7400 mg/g and 5460 mg/g
(Deshwal et al., 2020). A study conducted by Zhao et al. (2020) reported that heating goat
whey proteins (WP) at 65°C for 30 min, 85°C for 15 sec, 125°C for 4 sec, and 135°C for 4 sec
have significantly improved the OHC of goat WP with the values of 5300, 5900, 5100, and
5000 mg/g, respectively compared to the OHC of the control sample (3600 mg/g). Moreover,
enzymatic hydrolyses of skimmed CWP using alcalase, bromelain, and papain have
significantly reduced the FAC of the hydrolyzed samples (650.26, 644.53, and 641.06 mg/g,
respectively) when compared to unhydrolyzed skim camel milk (714.43 mg/g) (Al-Shamsi et
al., 2018). The findings of this study showed that the control CWP had an FAC value of 1612.0
mg/g which was higher than US and SD samples. However, further increasing the US treatment
time and SD temperature resulted in increased FAC of samples.
2000
1800

a

1600

FAC (mg/g)

1400

c

c

ab

a

SD-170

SD-185

a

bc

1200
1000
800
600
400
200
0
Control

US-5min

US-10min US-15min

SD-200

Samples

Figure 2: FAC of freeze-dried (control), US, and SD of CWP samples. Values presented are
mean ± standard deviation (n=3). Different letters on the different bars indicates that there is
a significant difference (P < 0.05). For keynotes, please see footnote of Table 4.
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4.2.3 Emulsifying Activity Index (EAI)
Milk proteins are known for their good emulsifying properties owing to their amphiphilic
nature, high surface activity, and rapid unfolding and adsorption at the oil/water interface
(Foegeding & Davis, 2011; Al-Shamsi et al., 2018). As shown in Figure 3, sonication of CWP
has significantly improved the samples EAI. CWP samples treated at 15 min US showed the
2

highest EAI among US-treated samples (143.11 m /g), which is significantly higher than the
2

sonicated sample for 5 min (106.25 m2/g) and the control sample (81.04 m /g) as depicted in
Figure 3. The noticeable increase in EAI after sonication can be linked to the ability of
ultrasound via cavitation to produce hot spot temperature that is capable of partially
denaturing/unfolding the CWP and exposing the hydrophobic side of the protein which
subsequently improves the emulsifying properties. A previous study conducted by Shen et al.
(2017) reported that treating WPI with US for 20 min at 20% amplitude before thermal
aggregation or after thermal aggregation has considerably improved the EAI of the WPI.
2

Untreated sample before and after thermal aggregation had EAI value of 3.6 m /g, whereas
2

post-treated WPI with US had EAI value of 5.25 m /g and EAI of post treated WPI with US
2

was 6.1 m /g, which supports the claim that US treatment of protein to a certain extend had a
positive effect on improving the EAI. Enzymatic hydrolysis of skimmed CWP samples using
three different enzymes alcalase, bromelain, and papain at different pH levels have
significantly increased their EAI when compared to unhydrolyzed skimmed CWP. The positive
impact of enzymatic hydrolysis on EAI of skimmed CWP was caused by the exposure of more
hydrophobic functional groups when the skimmed CWP was broken-down. Among the
2

hydrolysed samples, Papain hydrolysed samples had the highest EAI (86.135 m /g), followed
2

2

by bromelain (70.132 m /g) and alcalase (68.901 m /g), while unhydrolyzed camel milk
2

proteins displayed the lowest EAI value (55.361 m /g) (Al-Shamsi et al., 2018). EAI values
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obtained in this current study where significantly higher than EAI values obtained after
enzymatic hydrolysis using above mentioned enzymes, which confirm that the level of
denaturation/unfolding achieved by US treatment up to 15 min and SD at 185°C was more
suitable to enhance the EAI. All SD samples in this study exhibited higher EAI when compared
to the control samples due to the heat-induced unfolding of the protein. Spray-dried samples at
170°C had EAI values of 126.19 m2/g, further increase of SD temperature to 185°C has
2

significantly increased the EAI to 143.75 m /g (Figure 3). However, when SD of CWP was
performed at 200°C, a slight decrease in the EAI of CWP was noticed (Figure 3). The EAI of
proteins can be reduced when excessive denaturation/unfolding of protein takes place and
negatively affects the protein’s surface hydrophobicity (Jain et al., 2015; Zhao et al., 2020; Ho
et al., 2021). A previous study reported that SD of bovine WPC powder (76.8%) at 145°C
while adjusting the pH of the solution to 3 and 10 have significantly improved the EAI, with
2

2

EAI of 94 m /g for WPC-SD-pH3 and 95 m /g for WPC-SD-pH10 when compared to control
2

sample (87 m /g) (Ho et al., 2021). The pH of protein solution is considered one of the main
factors influencing the EA of proteins, where the EA of protein is minimum at the protein’s
isoelectric point and maximum at acidic and alkaline pH (Maqsood et al., 2019; Ho et al.,
2021). Overall, the results presented in Figure 3 showed that EAI of CWP samples have been
significantly improved with increasing US treatment time. For SD samples, CWP samples
dried at 185°C exhibited the best EAI among all SD samples.
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Figure 3: EAI of freeze-dried (control), US, and SD of CWP samples. Values presented are
mean ± standard deviation (n=3). Different letters on the different bars indicates that there is
a significant difference (P < 0.05). For keynotes, please see footnote of Table 4.

4.2.4 Foaming Capacity (FC)
The mechanical agitation of a liquid mixture containing WP, will lead to the absorption and
formation of gas bubbles, which subsequently produce foam. The mechanical and structural
properties of air/water interfaces need to be understood to control the behaviour of the foam
system (Laleye et al., 2008; Meng & Li, 2021). The good surface activity of WPs allows them
to be used as stabilizers in food systems as a functional ingredient (laleye et al., 2008; Ellouze
et al., 2020). US treatment of CWP samples had a negative effect on FC of sonicated samples
as the FC kept reducing with increasing the US treatment time, with highest FC (11.41%) was
observed for sample US treated for 5 min (Figure 4). Freeze-dried samples that served as
control possessed that highest FC (16.67%) (Figure 4). Sonication of WPC powder for 2.5, 5,
and 7.5 min was not effective in improving the FC of treated WPC with average FC of all
samples was around 40% and only slight improvement in FC was noticed after samples were
treated for 7.5 min with FC of 45% (Ahmadi et al., 2017). A previous study that investigated
treating of WPI using high-pressure homogenization (120 MPa) coupled with US (600 W, 30
min) has reported a 26.10% increase in the FC of samples (Shi et al., 2020). It was noticed in
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this study that SD of CWP samples at 170°C, 185°C, and 200°C that increasing the inlet drying
temperature has enhanced the FC of SD samples (Figure 4). However, when comparing the FC
of SD samples to the freeze-dried samples it can be concluded that both SD and US treatment
did not improve the FC of CWP samples. A previous study by Deshwal et al. (2020) stated that
fresh camel milk was dried using freeze-dryer and spray dryer, then measured the effect of both
drying methods on FC has reported that SD of fresh camel milk produced powders with better
FC (40.88%) when compared with freeze-dried powder (25.41%). These results contradict the
findings of this current study that found, freeze-dried CWP had higher FC than spray-dried
samples. The low FC of CWP samples tested in this study can be linked to the fact that camel
milk does not have β-LG and has a high α-LA, thereby affecting its complexation when heated,
and it can have anti-foaming property (Zhang et al., 2004; Deshwal et al., 2020). Previous
studies reported that partial denaturation of proteins can improve the FC. However, excessive
degradation can have a negative effect on the FC (Jain et al., 2015; Zhao et al., 2020; Ho et al.,
2021). Various factors, such as protein concentration, protein conformation, pH, temperature,
speed of whipping, method of foaming, and mixing time can also affect the FC of proteins (AlShamsi et al., 2018). It is reported that subjecting CWP samples to high temperatures will
produce protein powders with low electrostatic repulsion that will allow better protein
absorption at the air/water interface and hence the formation of stable foams (Deshwal et al.,
2020). The current study has confirmed that ultrasound treatment and spray-drying of CWP
had a negative effect on the FC, while highest FC percentage belonged to the freeze-dried
(control) sample.
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Figure 4: FC of freeze-dried (control), US, and SD of CWP samples. Values presented are
mean ± standard deviation (n=3). Different letters on the different bars indicates that there is
a significant difference (P < 0.05). For keynotes, please see footnote of Table 4.

4.3 Characterization of CWPC
4.3.1 SDS-PAGE
CWP samples treated with US or SD were analysed by sodium-dodecyl sulfate-polyacrylamide
gel electrophoresis (SDS-PAGE). It can be inferred from Figure 5 that the most abundant
proteins present in CWP samples were lactoferrin, serum albumin and α-LA with
electrophoretic mobility bands corresponding to 87, 67.5, and 14 kDa, respectively. The protein
bands observed in this study are in agreement with the findings reported by Maqsood et al.,
(2019), in which the SDS-PAGE analysis of skimmed camel milk from 4 different camel
breeds has produced electrophoretic mobility of lactoferrin, serum albumin and α-LA
corresponding to 87, 66, 6.5 kDa respectively. Moreover, a previous study conducted by Lajnaf
et al. (2018) on CWP has reported that the protein bands for lactoferrin, serum albumin and αLA corresponding to 87, 66, 14 kDa. The protein profiles of SD samples and US-treated
samples showed differences in term of the protein bands, in which the US samples had more
protein denaturation and fainter bands when compared to the control and SD samples. US
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treatment induced smear of the major protein bands, α-LA, serum albumin and lactoferrin,
while β-LG was absent in camel milk proteins. The unavailability of β-LG in any dairy product
is required for people that have allergic problem when consuming bovine milk (El-Agamy et
al., 2009; Habtegebriel, Edward et al. 2018). In this study, the combination of US and FD of
samples have resulted in extensive protein denaturation, which led to more faint bands obtained
in case of sonicated samples when compared to control and spray-dried samples. Previous
studies have reported that ultrasound treatment of proteins has a significant effect on breaking
down the protein and changing its secondary structure (Stathopulos et al., 2004; Xu et al., 2008;
Liu et al., 2018). However, other studies reported that there was no difference between UStreated WP samples and untreated samples (Hu et al., 2013; Wang & Arntfield, 2016; de
Figueiredo Furtado et al., 2017; Higuera-Barraza et al., 2017; Meng et al., 2021; Zhang et al.,
2021). It can be concluded from the results that the lower temperature during the spray-drying
treatment of skimmed CWP samples minimized protein denaturation (Jovanovic et al., 2007;
Abd Elhamid & Elbayoumi, 2017; Habtegebriel, Edward et al. 2018). In this study, the most
abundant proteins present in CWP from control, US, and SD samples were lactoferrin, serum
albumin and α-LA in which the lactoferrin has the highest electrophoretic mobility (87 kDa).
Conclusively, it can be stated that CWP treated with US showed more structural degradation
compared to control and SD samples.
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Figure 5: Sodium-dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) profile of
ultrasonicated (US) and spray-dried (SD) CWP samples. Keynotes: C1 and C2: control CWP
samples, US 5: CWP sonicated for 5 min, US 10: CWP sonicated for 10 min, US 15: CWP
sonicated for 15 min, SD 170: spray-dried CWP at 170°C, SD 185: spray-dried CWP at 185
°C, SD 200: spray-dried CWP at 200°C. Band 1 = lactoferrin (87 kDa); 2 = serum albumin
(67.5 kDa); 3 = α-LA (14 kDa).

4.3.2 Fourier-Transform Infrared (FTIR) Spectroscopy
The occurrence and changes in functional group profile of CWP after sonication for 5, 10, and
15 min or SD at 170°C, 185°C, and 200°C are presented in Figures 6 and 7. Overall, there was
no significant (P < 0.05) difference observed between sonicated and SD samples when
compared to control sample. However, the intensity of the peak around 1600 cm-1 was higher
in control sample than the peaks observed in SD and US-treated samples. Moreover, an
increase in the intensity of peaks around 1520 cm-1 was noticed after sonicating the CWP for
5 and 10 min whereas it was not noticeable in US-15, SD, and control samples Figure 6 and
Figure 7. The peaks obtained around 520 cm-1 is linked to N-H and C-H bonds vibrations in
the ion-binding peptide (Chen et al., 2013; Zhao et al., 2014). A low intensity peak was
observed in all samples around 824 cm-1 which represents the out-of-plane N-H wagging
vibration in CWP (Bagheri et al., 2013; Ye et al., 2019). The presence of peaks around 10001100 cm-1 either confirm the presence of lactose or due to alkoxy C-O stretching (Ho et al.,
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2019; Ye et al., 2019; Deshwal et al., 2020). Moreover, all samples obtained a peak around
1150 cm-1 which was present due to bending or stretching vibrations of C═H, C═O, and C═C
(Yu & Huang, 2010). The steep peak observed around 1600-1650 cm-1 was a result of C-O
stretching vibration in amide I and provides information regarding the protein secondary
structures (α-helix, β-sheet) (Ho et al., 2019; Deshwal et al., 2020; Ho et al., 2021; Meng et al.,
2021; Meng & Li, (2021). However, previous studies reported by Deshwal et al., (2020) and
Meng & Li, (2021) linked the peaks around 1600 cm-1 to C═O stretching in amid I. The residue
of some fat content was confirmed in all US-treated and control samples with the presence of
a low intensity peak around 2900 cm-1, whereas no fat residue was present in SD samples (Ye
et al., 2019; Deshwal et al., 2020). The wide intensity peak, which represents symmetric or
antisymmetric O-H stretching and N-H stretching that was observed at 3300 cm-1 in control
sample, was totally degraded in SD samples and was presented in low intensity in all UStreated samples (Ahmad, Gani et al., 2019; Ho et al., 2019; Deshwal et al., 2020). The
degradation or complete loss of the peak around 3300 cm-1 could be linked to loss of moisture
content in US and SD samples due to the thermal treatments (Ho et al., 2019). The FTIR results
obtained from this study confirmed that the functional groups present in CWP were slightly
affected by US and SD treatment with some intense peaks (1600 and 3300 cm-1) being degraded
in US and SD samples.
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Figure 6: FTIR spectra of ultrasonicated (US) CWP samples. Keynotes: Control: freeze-dried
CWP; US-5: sonicated for 5 min; US-10: sonicated for 10 min; and US-15: sonicated for 15
min, in the wavenumber range 400 to 4000 cm

-1

.

Figure 7: FTIR spectra of spray-dried (SD) CWP samples. Keynotes: Control: freeze-dried
CWP; S-1: SD at 170 °C; S-2: SD at 185 °C; and S-3: SD at 200 °C, in the wavenumber range
-1

400 to 4000 cm .
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4.3.3 Scanning Electron Microscopy (SEM)
The morphology of control, US, and SD CWP samples was determined using SEM and
obtained SEM images for all samples are presented in Figure 8. SEM images of control and
US CWP samples, which were freeze-dried to obtain the powder showed that the samples did
not exhibit a uniform shape or size as well as confirmed the formation of small aggregates. In
US-treated samples, partial deagglomeration of CWP caused by acoustic cavitation may be the
reason for the formation of aggregates (Izadifar et al., 2017; Gammoh et al., 2020). Freezedrying of CWP resulted in production of powder with a spherical shape with clear signs of
aggregation (Ahmad, Mudgil, et al., 2019). In contrast, SD CWP samples dried at different
temperatures showed a uniform spherical shape in different sizes with no sign of aggregation
(Figure 8). Previous studies reported by Ho et al., (2019) and Ogolla et al., (2019) confirmed
that SD of camel milk powder at different temperatures produced particles with spherical shape
and did not show any signs of aggregation, which is in agreement with results obtained in this
study. Moreover, it was clear from the results that there was a noticeable difference between
the particle size and uniformity of shape of SD samples when compared to control and US
CWP samples.
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Figure 8: Scanning electron microscopy (SEM) images for control, ultrasonicated (US) and spraydried (SD) CWP samples. Keynotes: a) Control (freeze-dried CWP); b) sonicated for 5 min; c)
sonicated for 10 min; d) sonicated for 15 min; e) SD at 170 °C; f): SD at 185 °C; g) SD at 200 °C.

60
4.3.4 X-Ray Diffraction (XRD) Analysis
The analysis of CWP with X-ray diffraction (XRD) showed some degree of crystallinity was
present in all sonicated and control samples since few sharp peaks were detected around 13°,
17°, 20°, 24°, and 28° (Figure 9). A previous study investigated the effect of US treatment on
the crystal structure of sunflower protein has reported that from the XRD diffractogram of
control (untreated), US-probe, and US-bath samples, there were no significant (P < 0.05)
difference observed among the mentioned samples and confirmed that all samples had two
intense peaks around 10° and 20° (Malik & Saini, 2018). Peaks obtained around 10° and 20°
mainly suggest the presence of crystalline region I and II, respectively and as well as the
presence of noncovalent bonds (Malik & Saini, 2018; Li et al., 2020). This repeating trend
indicates that US treatment did not influence the crystallinity of substances. However, the
obtained X-ray diffractogram of all SD CWP samples confirmed that they had very low or
neglected degree of crystallinity (Figure 10). Overall, no difference in crystallization was
observed among SD samples treated with different inlet temperature, 170°C, 185°C, and 200°C
respectively. These finding are in agreement with results reported by Ho et al., (2019), which
confirmed using X-ray diffractogram that control CWP samples showed several sharp peaks
which verify the high degree of crystallinity, whereas SD camel milk powder exhibited more
amorphous structure with few small peaks indicating low degree of crystallinity. Moreover,
spray-drying of bovine serum albumin at 120°C and lactose/WPI at 185°C, produced samples
that exhibited low degree of crystallinity with few minor peaks observed (Haque & Roos, 2005;
Chen et al., 2021). In this study, XRD in US and control (freeze-dried) samples showed high
degree of crystallinity, with few sharp peaks present around 13°, 17°, 20°, 24°, and 28°. US
treatment had no effect on the crystallinity as there was no difference noticed in US-treated
samples when compared to control samples. However, in SD CWP samples, low degree of
crystallinity was observed, and samples had more amorphous structure.
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Figure 8: X-Ray diffractograms (XRD) for control CWP and ultrasonicated (US) samples
treated for 5, 10, and 15 mins. For keynotes, please see footnote of Table 4.
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Figure 9: X-Ray diffractograms (XRD) for control CWP and spray-dried (SD) CWP samples
processed at 170°C, 185°C, and 200°C. For keynotes, please see footnote of Table 4.

4.3.5 Degree of Hydrolysis (DH)
The influence of ultrasound treatment and spray-drying on the degree of hydrolysis (DH) and
release of free amino nitrogen (FAN) from CWP was determined and the results are presented
in Figure 11. Maximum DH was observed in US-15 samples with FAN value of 1015.9 µg/ml
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which is significantly higher when compared to the DH of control (freeze-dried) and SD
samples with FAN values of 782.75, 676.04, 687.20, and 667.95 µg/ml, respectively. There
was no significant (P < 0.05) difference in DH observed between US-5, US-10, and US-15
samples having strong hydrolytic efficiency (Figure 11). Treatment of CWP using US resulted
in the breakdown of the whey proteins into free amino acids (FAA) and smaller peptides as a
result of high temperature and pressure. According to previous studies, small protein fragments
and FAA in general exhibited improved bioactive properties and nutritional values when
compared to intact proteins (Jafar et al., 2018; Kamal et al., 2018). Isolated whey protein (WPI)
from rice was treated by ultrasound (400 W) and microwave (75°C) for 15 min, respectively.
Both the treatments significantly increase the release of free amino group from WPI and had
the ability to modify overall protein structure (Zhang et al., 2022). A study conducted by
Alizadeh & Aliakbarlu, (2020) investigated the effect of US treatment WPC for 5 and 15 min
on the DH, these authors reported that US-15 samples of WPC showed significant increase in
DH of around 8.7% when compared to the control sample, while US-5 samples showed no
change. In this study, SD CWP samples exhibited a decline in DH and release of FAN when
compared to control samples, which were in agreements with the results reported by Yang et
al., (2020), the authors spray-dried a mixture of β-LG and α-lactose at 180°C and observed a
significant decrease in the DH and release of FAN when compared to control samples. In
conclusion, the US treatment has a significant positive effect on increasing the release of FAN
from CWP, while SD reduced the rate of FAN released when compared to control.
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Figure 10: Degree of Hydrolysis (DH) based on free amino nitrogen content of CWP of the
control: freeze-dried, US: Sonicated and spray-dried CWP samples. Values presented are mean
± standard deviation (n=3). Different letters on the different bars indicates that there is a
significant difference (P < 0.05). For keynotes, please see footnote of Table 4.

4.3.6 Reverse-Phase Ultra Performance Liquid Chromatography (RP-UPLC)
US and spray-dried samples were analysed using RP-UPLC to identify and quantify the
peptides present in each sample and to determine the effect of these treatments on the sample’s
peptide composition and sequence. In general, β-LG was unidentified in all CWP samples
analysed by RP-UPLC. Analysis of sonicated CWP samples by RP-UPLC confirmed that high
DH was observed when compared to the control samples, which was also confirmed from the
results obtained by SDS-PAGE. US treatment of CWP completely hydrolysed major whey
protein α-LA and have generated smaller peptides similar to findings reported by Jafar et al.,
(2018). The hydrolysed CWP used several enzymes which completely hydrolyses several
major whey proteins. The complete hydrolysis of sonicated samples was mainly observed with
peaks having retention time around 48 and 64 min respectively those peaks may either
completely disappear or remain with very low intensity (Figure 12). In this study, the main
whey protein present in CWP samples were eluted at later retention times when compared to
previous studies conducted by Anandharamakrishnan et al., (2010), Chandrapala et al., (2011),

64
Schong & Famelart, (2018) that confirmed the presence of α-LA at 15-20 min. The noticeable
increase in the retention time of CWPs eluted in this study is due to an increase in the
hydrophobic character of whey proteins (Alizade & Alizade, 2020). Regarding the effect of
spray-drying on the CWP, the obtained results of RP-UPLC have confirmed that there was no
significant difference between the whey protein composition of spray-dried samples and the
control (Figure 13). Previous studies have also confirmed that retention time of the main whey
proteins present in SD samples were similar to the control samples (Anandharamakrishnan et
al., 2010; Zouari, Briard-Bion et al., 2020). However, a study conducted by Perusko et al.,
(2021) has stated that spray-drying of protein samples has resulted in an increment of the
retention time of main peptides detected up to 3.5 min when compared to control samples. To
conclude, US treatment of CWP completely hydrolyses the main whey proteins present and
produces small molecular weight peptides that were not detected by RP-UPLC, however, SD
of CWP did not have a significant effect on the whey protein composition of dried samples
compared to control.

US-15min
US-10min
US-5min
C

Figure 11: The changes in protein profile as determined by reverse phase-ultra performance
liquid chromatography (RP-UPLC) of CWP for control (freeze-dried) and US. Sonicated
samples for 5, 10, and 15 mins.
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Figure 12: The changes in protein profile as determined by reverse phase-ultra performance
liquid chromatography (RP-UPLC) of CWP for control (freeze-dried) and SD: spray-drying
samples. at 170°C, 185°C, and 200°C.

4.4 Bioactive Properties of US and SD CWPC
4.4.1 In-vitro Antioxidant Properties
4.4.1.1 ABTS and DPPH Radical Scavenging Activities
The radical scavenging activity of CWP samples was determined using ABTS and DPPH
radical scavenging assays and obtained results are presented in Table 6. CWP samples treated
with US had no effect on the ABTS and DPPH radical scavenging activities, except for samples
that are treated with US for 15 min and 5 min respectively that showed the highest ABTS
radical scavenging activity and DPPH radical scavenging activity, respectively among all the
samples with values of 12.12 mmol TE/g and 6.86 mmol TE/g, respectively. Both ABTS and
DPPH radical scavenging activities obtained for US-15 and US-5 samples were significantly
higher (p-value < 0.05) than control samples with values of 9.87 mmol TE/g and 6.26 mmol
TE/g, respectively. A study done by Gammoh et al., (2020) reported that US treatment of CWP
for 45 min at 400 W have 30% improvement in the DPPH radical scavenging activity of the
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CWP samples compared to the non-sonicated sample. Sonicating bovine WPI for 60 min had
a positive effect in enhancing the ABTS radical scavenging activity with scavenging
percentage of around 50%, which was significantly higher when compared to non-sonicated
samples, while for DPPH radical scavenging activity the scavenging strength initially increased
by increasing the US treatment time up to 30 min, then ahead of 30 min the scavenging strength
started to decline (Liu et al., 2019). SD of samples using different inlet temperatures did not
have any effect on the ABTS and DPPH radical scavenging activities of CWP with all the
samples having values very close to the control samples (Table 6). In line with the findings of
this current study, a study conducted by Wang et al., (2019) reported that by increasing the SD
inlet temperature from 140°C up to 200°C to dry skimmed soybean milk have negatively
impacted the ABTS and DPPH radical scavenging activities, with samples dried at 140°C
exhibiting the highest radical scavenging activities. However, SD of camel milk samples at
inlet temperatures between 210 to 250°C significantly improved their ABTS radical
scavenging activity up to 16% compared to FD samples (Perusko et al., 2021). To conclude
this study the SD and US treatment of CWP did have any significant effect on improving the
radical scavenging potential of CWP samples when compared to freeze-dried samples
(control).
4.4.1.2 Ferric Reducing Antioxidant Power (FRAP Assay)
The reducing power of CWP samples was measured using FRAP assay and the reducing
potential of CWP is presented in Table 6. Highest FRAP activity belonged to the control sample
with value of 10.62 mmol TE/g. Treating CWP (with ultrasound reduced their ferric reducing
activity) with all US treated samples having activities significantly lower than the control
sample. By increasing the US treatment time, a negative impact on the bioactive properties of
treated samples was observed which could be due to the possibility of losing some active
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compounds by excessive heating and exposure to light (Naczk & Shahidi, 2006). Previous
study that investigated the effect of US treatment on the ferric reducing power of WPI has
reported that this treatment improved the stability of the WPI reducing power throughout the 7
days storage, while non-sonicated samples exhibited significantly lower stability (Chen et al.,
2020). SD samples also exhibited significantly lower FRAP activity when compared to the
control sample. This reduction in FRAP activity can be linked to loss of some bioactive
compounds during spray-drying (Khanji et al., 2018). However, previous study showed that
the SD whey protein hydrolysates had significantly higher reducing power with FRAP value
of 16 µmol TE/g when compared to that of FD whey protein hydrolysates having a FRAP value
of 10 µmol TE/g) (Kleekayai et al., 2022). Another study conducted by Arranz et al., (2019)
on whey protein-based beverage which was thermally treated to produce pasteurized, UHT,
and SD whey protein-based beverage samples. The results showed that the SD samples had the
lowest FRAP activity with value around 5 µmol TE/100ml, whereas pasteurized and UHT
samples had FRAP values around 8 and 14.5 µmol TE/100ml, respectively. SD and US
treatment of CWP produced in this study did not have any significant effect on the FRAP
activity, however, both the treatments (US and SD) had a negative effect and reduced the FRAP
activity of CWP when compared to control (FD) CWP.
Table 6: Antioxidant activities of ultrasonicated (US) and spray-dried (SD) CWP samples
Control
US-5
US-10
US-15
SD-170
SD-185
SD-200

ABTS (mmol TE/g) DPPH (mmol TE/g) FRAP (mmol TE/g)
9.87± 0.42ab
6.26 ± 0.22ab
10.62 ± 0.67d
9.750. ± 0.89ab
6.86 ± 1.03b
5.27 ± 0.44a
a
ab
9.35 ± 0.95
6.30 ± 0.26
9.71 ± 0.40d
b
a
12.12 ± 1.68
5.78 ± 0.09
6.86 ± 0.11b
10.53 ± 1.83ab
5.99 ± 0.12ab
6.77 ± 0.28b
ab
ab
10.00 ± 0.54
6.10 ± 0.12
8.30 ± 0.43c
9.95 ± 0.58ab
6.112 ± 0.02ab
8.27 ± 0.35c

Control: freeze-dried CWP; SD: spray-dried samples at 170°C (SD-170), 185°C(SD-185), and
200°C (SD-200); US: Sonicated samples for 5 mins (US-15), 10 mins (US-10), and 15 mins
(US-15). Values are expressed as (mmol TE/g) mean ± SD values.
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4.4.2 In-vitro Anti-Diabetic Properties
4.4.2.1 α-Amylase and α-Glucosidase Inhibition
The inhibitory activity of US and SD treated CWP samples against α-amylase and αglucosidase was investigated to determine the antidiabetic potential of the CWP samples and
the results are presented in Figure 14. It was observed that SD and US treatment of CWP
samples significantly improved the inhibitory strength of CWP samples against α-amylase and
α-glucosidase, with US treatment being more effective in enhancing the inhibitory activity.
The highest inhibitory strength against α-amylase and α-glucosidase was recorded by US-10
samples with IC50 values of 81.18 and 130.10 µg/ml, followed by SD-185 with α-Amy-IC50
value of 136.86 µg/ml and US-5 with α-Glu-IC50 value of 144.51 µg/ml. Moreover, increasing
the US treatment time above 10 min had a negative effect on the inhibitory activity against αamylase and α-glucosidase as an increment of 93% and 49.5% was observed in the IC50 value,
respectively of US-15 samples was noticed when compared to US-10. Similarly, increasing the
inlet SD temperature above 185°C decreases the inhibitory activity of CWP on α-amylase and
α-glucosidase with SD-200 samples having the highest IC50 values of 164.43 and 196.25 µg/ml,
respectively among SD samples (Figure 14). A study conducted by Fadimu et al., (2022) that
investigate the effect of US treatment of alcalase derived lupin protein hydrolysates for 5 and
10 min on the antidiabetic activity of treated samples, have reported that sonicated hydrolysates
for 10 min exhibited the highest α-amylase and α-glucosidase inhibitory strength with IC50
values of 1.40 and 1.65 mg/ml, respectively, followed by US-5 samples with 2.45 and 1.82
mg/ml, respectively. The obtained results confirmed that both sonicated lupin protein
hydrolysate samples (5 and 10 min) showed a significant improvement in their inhibitory
activity against α-amylase and α-glucosidase when compared to control samples with IC50
values of 2.80 and 1.94 mg/ml, respectively. Moreover, SD of skimmed soybean milk at
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different inlet temperatures (140, 160, 180, and 200°C) have significantly improved the
inhibitory potential of samples against α-amylase and α-glucosidase with inlet temperature of
200°C showed the highest inhibitory activity with IC50 of 0.29 and 0.19 mg/g, respectively. On
increasing the inlet temperatures, the inhibitory activities of SD samples increase against αamylase and α-glucosidase (Wang et al., 2019). These results were in line with the results
obtained in this current study that showed higher SD inlet temperature led to more inhibitory
activities against α-amylase and α-glucosidase. Previous study conducted by Kamal et al.,
(2018), reported that whey protein isolated form camel milk exhibited 19% and 42% inhibition
of α-amylase and α-glucosidase, respectively and hydrolysates generated from the CWP after
6 h hydrolysis using pepsin, trypsin, and chymotrypsin at 37°C (pepsin) and 55°C (trypsin and
chymotrypsin) exhibited improved inhibition activity against α-amylase (inhibition
percentages of 82%, 93%, and 58%, respectively) and α-glucosidase (inhibition percentages of
65%, 76%, and 40%, respectively). The bovine whey protein hydrolysates obtained by peptic
digestion were also assessed for their inhibitory activity against the α-glucosidase enzyme.
Bovine WPI hydrolysates produced by enzymatic hydrolysis using pepsin for 60 min at 37°C,
exposed the highest α-glucosidase inhibitory activity, with 36% inhibition and IC50 of 4.5 mg/
mL (Lacroix & Li-Chan., 2013). In this study, US-10 samples showed the highest α-amylase
and α-glucosidase inhibitory activities of 65% and 25%, respectively, and further sonicating
the samples above 10 min has negatively affected their antidiabetic activity.
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Figure 14: In-vitro α-amylase and α-glucosidase inhibitory activity of ultrasonicated (US) and
spray-dried (SD) CWP samples. (a) and (b). Values presented are mean ± standard deviation
(n=3). Different letters on the different bars indicates that there is a significant difference (P
< 0.05). For keynotes, please see footnote of Table 4.

4.4.2.2 DPP-IV Inhibition
The inhibitory potential of US and SD CWP samples against DPP-IV was explored to
determine the antidiabetic potential of the CWP samples and the results are presented in Figure
15. US treatment and SD of CWP samples significantly enhanced the CWP inhibitory potential
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against DPP-IV, with US treated samples showed higher increase in the inhibitory activity
compared to SD and control samples (Figure 15). The highest inhibitory strength against DPPIV was recorded by US-10 samples with IC50 values of 67.92 µg/ml, followed by US-15 and
US-5 samples with DPP-IV-IC50 values of 107.73 and 129.50 µg/ml, respectively. However,
in the SD samples, increasing the inlet SD temperature slightly affected the inhibitory activity
of CWP against DPP-IV with SD-170 samples having the lowest IC50 values of 169.58 µg/ml,
followed by SD-185 and SD-200 with IC50 values of 173.01 and 183.34 µg/ml, respectively
(Figure 15). Previously, CWP hydrolysates generated using pepsin, trypsin, and chymotrypsin
have been reported to display significantly higher inhibitory activity against DPP-IV with
inhibition percentages of 96%, 84%, and 89%, which was significantly higher compared to
control samples with DPP-IV inhibitory of 17%, respectively. These findings confirmed that
CWP have potent antidiabetic effects after gastric and intestinal digestion upon consumption
(Kamal et al., 2018). Previous studies done by Lacroix & Li-Chan., (2013); Mudgil et al.,
(2018); Nongonierma et al., (2017) determined the DPP-IV inhibitory activity of camel and
bovine milk protein hydrolysates generated using alcalase, bromelain, papain, pepsin, and
trypsin enzymes and reported that produced protein hydrolysates showed improved DPP-IV
inhibitory activity compared to unhydrolyzed camel and bovine milk samples. Moreover, a
study done by Akan (2021) explored the antidiabetic activity of CWPH after SGID of CWP
using pepsin and pancreatin enzymes for 2h at 37°C and reported an inhibitory strength of
20.8% against DPP-IV. To conclude, US-10 samples showed the highest DPP-IV inhibition
with IC50 values of 67.92 µg/ml and further sonicating the samples above 10 min has negatively
affected their antidiabetic activity. Whereas for SD samples, increasing the inlet temperature
decreased the inhibitory activity of CWP against DPP-IV.
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Figure 13: In-vitro DPP-IV inhibitory activity of ultrasonicated (US) and spray-dried (SD)
CWP samples. Values presented are mean ± standard deviation (n=3). Different letters on the
different bars indicates that there is a significant difference (P < 0.05). For keynotes, please see
footnote of Table 4.

4.4.3 In-vitro Anti-hypercholesterolemic Properties
4.4.3.1 Pancreatic Lipase (PL) and Cholesteryl Esterase (CE) Inhibition
Production of bioactive peptides have gained wide interest due to its ability to reduce
cholesterol concentration in human plasma, hence decreasing the risk of heart diseases.
Specifically, the ability of the bioactive compound to inhibit pancreatic lipase (PL) might help
to control the absorption of fat in the small intestine and in a way achieve reduction in human
body weight (Ikeda et al., 2002; Birari & Bhutani, 2007; Singh et al., 2017; Jafar et al., 2018).
Moreover, when cholesteryl esterase (CE) is inhibited, a reduction in the bioavailability of
cholesterol produced from cholesterol esters is observed, which controls cholesterol absorption
into miscelles, and prevents free cholesterol transportation into enterocyte (Heidrich et al.,
2003; Ngamukote et al., 2011). The in-vitro anti-hypercholesterolemic potential of SD and UStreated CWP samples against PL and CE was determined and obtained results are presented in
Figure 16. In general, US treatment significantly reduced PL and CE inhibitory IC50 value of
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CWP samples from 120.89 and 138.55 µg/ml (control samples) to 72.83 and 79.12 µg/ml (US10 sample), respectively. It was observed that sonicating CWP sample for more than 10 min
had a negative effect on the inhibitory activity of CWP against PL and CE, however, still had
inhibitory activity better than the control samples with IC50 values of 104.34 and 117.04 µg/ml
(US-15 samples), respectively (Figure 16). Hence, it can be concluded that the optimum US
treatment time can be 10 min, since longer treatment period had a negative impact on PL and
CE inhibition. A study done by Fathi et al. (2021) explored the use of US treatment to assist
the enzymatic hydrolysis of rice bran proteins and to improve the anti-hypercholesterolemic
activity of samples. It was reported that further treatment of already enzymatically hydrolysed
rice bran protein with US with power ranging from 50-150 W for 10, 25, and 40 min have
mainly reduced the samples PL inhibitory activity, except samples treated with US power of
50 W for 10 and 25 min which exhibited higher inhibitory percentage of 57.57% and 55.37%,
respectively when compared to control sample (53.64%). SD of CWP samples at inlet
temperature of 170, 185, and 200°C did not have a significant effect on enhancing the antihypercholesterolemic activity of CWP samples when compared to the control samples (Figure
16). Highest inhibitory activity strength against both PL and CE were observed with SD-170
samples with IC50 values of 115.16 and 130.34 µg/ml, respectively. A steady decrease in
inhibitory activity was noticed with increasing the inlet temperature to 185 and 200°C when
compared to SD-170. A study done by Mudgil et al., (2018) reported a significant improvement
in PL inhibitory properties of whole camel milk proteins after hydrolysis using alcalase,
bromelain and papain. Moreover, gastric and pancreatic enzymes derived CWP hydrolysates
exhibited higher PL and CE inhibitory strength when compared to unhydrolyzed samples (Jafar
et al., 2018). Studies related to PL inhibitory potential of CWP are very few and this study
sheds light on the PL and CE inhibitory potential of CWP and explore the effect of SD and US
treatment on enhancing the anti-hypercholesterolemic activity of CWP. These findings
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confirmed that US treatment of CWP up to 10 min has significantly improved the CWP
inhibitory activities against PL and CE and US treated was more efficient in improving the
anti-hypercholesterolemic activity of CWP than SD.
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Figure 14: In-vitro pancreatic lipase (PL) and cholesteryl esterase (CE) inhibitory activity of
ultrasonicated (US) and spray-dried (SD) CWP samples. (a) and (b). Values presented are mean
± standard deviation (n=3). Different letters on the different bars indicates that there is a
significant difference (P < 0.05). For keynotes, please see footnote of Table 4.
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Chapter 5: Conclusions
This study reports the production of spray-dried CWP and US-treated CWP powders with
enhanced physicochemical, techno-functional, and bioactive properties. SD CWP samples
exhibited more whiter color compared to US and control samples that displayed more of a
yellow color. SD CWP samples showed lower average particle size and better size distribution
when compared to US samples. Protein’s solubility was higher in US-15 CWP samples
(100%), and SD samples at 170°C (94.7%) than the control CWP (92.71%). However, UStreated CWP samples exhibited a decrease in the FAC compared to control samples. US and
SD of CWP was effective in improving the EAI with US-15 and SD-185 showed the highest
EAI. However, foaming capacity of CWP were negatively affected after SD and US treatment
of CWP. US was shown to have higher degradation of the protein bands in the CWP compared
to SD process. There was no significant difference between sonicated and SD samples when
compared to control sample regarding the functional groups profile of the samples. The SEM
images of control and US CWP samples showed that the samples did not exhibit a uniform
shape or size, whereas SD CWP samples showed a uniform spherical shape with no sign of
aggregation. US-15 samples showed the highest DH with FAN value of 1015.9 µg/ml which
is significantly higher when compared to the DH of control and SD samples with FAN values
of 782.75, 676.04, 687.20, and 667.95 µg/ml, respectively. β-LG was not identified in all CWP
samples analysed by RP-UPLC. Furthermore, RP-UPLC analysis of sonicated CWP samples
confirmed that high DH was observed after US treatment when compared to the control
samples, which was also confirmed from the results obtained by SDS-PAGE. CWP samples
treated with US and dried with SD showed no significant difference compared to control
samples in terms of ABTS and DPPH radical scavenging activities, except for samples treated
with US for 15 min and 5 min that showed the highest ABTS and DPPH radical scavenging
activities, respectively among all samples with values of 12.12 and 6.86 mmol TE/g,
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respectively. SD and US treatment of CWP samples significantly enhanced the inhibitory
activity of CWP samples against α-amylase, α-glucosidase, and DPP-IV with US treatment
being more effective in enhancing the inhibitory activity than SD. The highest inhibitory
strength against α-amylase, α-glucosidase, and DPP-IV were recorded by US-10 samples with
IC50 values of 81.18, 130.10, and 67.92 µg/ml, respectively. Moreover, the antihypercholesterolemic activity of CWP samples was determined and US treatment significantly
reduced the IC50 of CWP samples to inhibit PL and CE from IC50 of 120.89 and 138.55 µg/ml
(control samples) to 72.83 and 79.12 µg/ml (US-10 sample), respectively. In both assays it was
observed that sonicating CWP sample for more than 10 min had a negative effect on the
inhibitory activity of CWP against PL and CE. Highest inhibitory strength against both PL and
CE were observed with SD-170 samples with IC50 values of 115.16 and 130.34 µg/ml,
respectively. A steady decrease in inhibitory activity was noticed with increasing the inlet
temperature to 185 and 200°C when compared to SD-170. This study is the first to evaluate an
efficient drying method for the production of WPC from camel milk with improved
physicochemical, techno-functional, and bioactive properties of CWP samples after US
treatment or SD the samples compared to untreated CWP. The CWPC powders can be utilized
as a functional ingredient in the production of several food products.
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Whey protein concentrates (WPCs) are gaining importance as a functional
ingredient due to their nutritional, techno-functional and bioactive properties. In
this study, WPCs were prepared from skimmed camel milk, then either spraydried (SD) at 170, 185 and 200°C, or treated by ultrasonication (US) (20 kHz) for
5, 10 and 15 min followed by freeze-drying to obtain powders.
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